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I-     SURFACE DAMAGE STUDIES 

1-1. 3uMary 

,    This is the final report on contract DAHC 15-17-C-0170 on which work 

was initiated 1 July 1972, and terminated 31 August 1974. This vork 

has been an extension of work begun under contract DAHC I5-69.C-&305 

which extended from 1 July 1969 to 1 July 1972. 

Only results obtained since the last semiannual report of 1 July 1973 

will be reported herein, with previous data recapitulated only as needed 

for clarity. The reader is referred to past reports for a complete view 

of work accomplished under the contract. 

The subject of Section I is Q-switched laser damage to glass surfaces. 

Although it is generally held that a TEMoo mode laser is necessary for 

accurate, reproducible work on surface damage, we have found that in some 

circumstances a multimode laser is acceptable.  With a multimode glass 

oscillator-amplifier system, exit thresholds of iko j/cm?  (30 ns) were 

measured on ED-2.  With a carefully constructed TEMoo mode laser, thresh- 

olds of 125 j/cm2 were obtained. These thresholds are the same within 

experimental accuracy. Multimode lasers can suffice for accurate work 

because gain saturation tends to .'smooth'- the beam profile and because 

small "hot spots" are erased i;. the far field. 

Although basic theory suggests that scratches and digs on the surface 

should lower the threshold for damage, we have found that defects on ED.2 

laser glass after conventional, routine finishing in a commercial shop 

are not detrimental.  In fact, prolonged polishing to reduce the size 
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and number- of surface defects can sometimes result in a lower threshold, 

l.e attribute this to increased contaminants introduced into the surface. 

We conclude that removal of such contaminants is more important than 

1'superpolishing'• for increasing the threshold. An effective method 

of removal, for ED-2, appears to be submersion of the surface for several 

hours in hot nitric acid. The effect of this treatment is dependent on 

polishing history, but in some cases the entrance threshold is raised 

permanently from approximately 150 j/cm2 to almost 500 j/cm2 without a 

detrimental effect on the surface optical quality.  Treatment in boiling 

water is almost as effective. 

Many materials of current interest will not withstand hot nitric 

acid or water. We suggest that other high-temperature agents might be 

effective in greatly increasing the threshold for these materials. 

An analysis of pulse cutoff by the damage site is also presented in 

Section I. We conclude that significant pulse attenuation is always due 

to a plasma and that the details of attenuation (fast cutoff, slow cutoff, 

etc.) can be explained by considering the plasma expansion rate and beam 

size. It is inappropriate to infer a particular damage mechanism from 

the pulse cutoff. 

At the outset of this work several years ago, surface damage to 

laser glass was held to be a limiting factor in Q-switched operation. 

Damage thresholds of 30-hO  joules/cm2 (30 ns) were often obtained. In 

the course of this work and that of many other investigators, laser glass 

with exit threshold greater than 100 j/cm2 is now commercially available 

on a routine basis. This has been accomplished first by simply making 

-2- 
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accurate measurements of the threshold, which in some cases had always 

been over 100 j/cm2, and second, by learning to avoid certain polish- 

ing compounds and/or polishing procedureo. With thresholds of over 

100 j/cm2, surface damage is no longer a limiting factor in many glass 

systems. In those systems where it might be a problem, we now know how 

to increase the exit threshold to over 300 j/cm2 (about 500 on the en- 

trance ). 

Although self-focusing damage was not specifically a subject of 

this contract, some work on obtaining n2 from linear parameters is in- 

cluded here, since this work would not have been undertaken in the ab- 

sence of the contract. The results are included as an appendix in the 

form of a paper by N. L. Bolr'ng, A. J. Glass of Lawrence Livermore Lab- 

oratory, and A. Owyoung of Sandla Laboratory. 

1-2. Introduction 

In Section I we discuss several aspects of laser-induced surface 

damage. Each subsection is self-explanatory. Two subsections, 1-5 and 

1-h,  will perhaps be of the most practical interest. Section 1-5 deals 

with the role of surface geometrical defects in damage, and Section 1-^ 

with the use of hot nitric acid or water to remove surface contaminants. 

These two subsections are complete in themselves and can be read inde- 

pendently of the rest of the report. 

1-5- Experimental Arrangement and the 
Non-Necessity for a TEMQQ Laser 

The experimental arrangement, including the laser and damage detec- 

tion techniques, is described in detail in refs. 1 and 2. The laser is 

-3- 
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made up of a glass oscillator followed by four amplifiers. It operates 

in the TEMQO mode and emits several joules in a 50 ns pulse. Measure- 

ments at h  ns have also been made, but unless specified otherwice, re- 

sults herein were obtained with 50 ns pulses. 

Output energies of several joules allow us to do damage testing with 

a relatively large spot, about 1.8 mm diameter. This yields damage 

thresholds of practical interest in real systems where large beams are 

used of necessity. These thresholds are often much different from those 

obtained with spots of a few microns or a few tens of microns diameter. 

Early in this work, it was taken a^ a truism that a TEMQO laser is 

required to do accurate, reproducible damage measurements. This was 

based on reports indicating that very low thresholds are obtained with 

multimode beams relative to those obtained with TEMQO beams. Conse- 

quently, we made a significant effort to design and construct a TEMQQ 

laser for this study.  We now believe this was not necessary, although 

it is still firmly held to be so by many workers.3 We base thin conclu- 

sion on damage thresholds obtained with a TEMQQ beam vs. those obtained 

operating multimode with a saturated glass oscillator-amplifier system. 

For the multimode case, the damaging spot was several mm in diameter, 

and the energy density was determined as an average across the spot.4 

Damage measurements were made in the far field for both the multimode 

and single-mode cases.  As reported in ref. k,  the multimode exit damage 

threshold for ED-2 laser glass was approximately 1^0 j/enf.    With the 

carefully designed TEMQQ laser, exit thresholds were measured as ap- 

proximately 12;? j/cm2, with the average across the 1.8 mm spot being 
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100 j/cm2.  (This lower average value has been accepted by us for re- 

porting purposes in order to keep any error on the conservative side. ) 

The argument that has been used for the necessity of using TEMoo 

beams involves small "hot spots" often seen in multimode beams. It 

is argued that the energy density in these hot spots can be as much as 

an order of magnitude larger than the average density across the entire 

spot. This is perhaps true at the end of an amplifier where self-focusing, 

for example, of the beam has occurred; but it is instructive to consider 

scmiquantitatively what happens to these "hot spots" in the far field. 

Consider a spatially square beam of diameter Di and energy density 

Pi incident on a lens. In this beam is a hot spot of diameter D2 « Dj. 

and energy density fig. Di and D2 are focused to diameters di and dP re- 

spectively. Elementary arguments show that the relative intensity be- 

tween the beams Di and D2 incident on the lens is decreased by approxi- 

mately the factor (Ds/Di)2 in the focused beams dj. and d2. Thus if a 

100 micron hot spot in a 1 cm beam has ten times the energy density of 

the 1 cm beam ana these two are focused by the same lens, the intensity 

of the focused 10 ^m beam will be oruy 10"3 that of the focused 1 cm 

beam  This argument is very crude, of course, but it serves to partially 

quantify the statement tnat "hot spots" are diffracted out of the test 

beam very rapidly. 

Another reason for the obtainment of similar thresholds in single- 

and multimode beams is advanced by G. Dube. When a glass amplifier is 

operated in the saturated region, hot spots tend to be smoothed over. 

This was probably the case in the work of ref. k  where the last amplifier 
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was operated well in the saturation region. The point we wish to em- 

phasize here is that fairly accurate damage measurements can be made 

with a large multimode beam when the sample is placed in the far field. 

In fact, because the average energy density is relatively easy to mea- 

sure in a large beam, it is probably preferable to do many damage stud- 

ies with large multimode beams rather tnan very small (a few microns) 

single-mode beams where accurate spot sizes are difficult to asccz-tain. 

1-k.    Studies of the Relation between Geometrical 
 Surface Defects and the Damage Threshold 

In this section, we discuss the relation between surface defects - 

scratches and digs - and the susceptibility of the surface to damage. 

More specifically, we are interested in whether or not polishing the 

surface to a high degree of smoothness affects the damage threshold. 

Before attacking this question, it is appropriate to have an estimate 

of Just how high the surface threshold can be raised. Obviously, the 

limit on the surface threshold is that of the intrinsic breakdown level 

of the material, so the problem becomes that of determining the ratio 

of surface threshold to intrinsic bulk threshold for so-called ••con- 

ventionally polished"' surfaces. 

We use the terms "conventionally polished'' and ' • suporpolished1 • 

very loosely. By ' 'superpolishing,'• we generally refer to a "bowl- 

feed" process which, if done carefully, leads to a surface with fewer 

and smaller scratches and a low rms roughness value. However, the ef- 

fect of the iolishing process on the surface depends on many factors. 

Among these are the type and size of the grinding materials used, 
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polishing compound, conjxjsition polishing time, amount of water used on 

the lap, etc. Seemingly insignificant changes in any one of these can 

lead to largo changes in the modified surface layer created by polish- 

ing. Because of this complexity, we stress that the terms "super" and 

"conventional" are not sufficient to describe polishing. We use them 

only because they have been used to describe results of other damage 

studies. 

To address the question of bulk vs. surface threshold, we refer to 

the work of Olness and Swain. ^ They investigated the effect of hydro- 

fluoric acid etching on the entrance surface threshold of three commer- 

cial glasses. A 5 ns, TEMQC pulse from a glass laser was used. The 

glasses as they were received from the manufacturer exhibited entrance 

thresholds of 55 j/cm2 (7 GW/cm2). We have made measurements at h  ns at 

Cwens-Illinois that agree well with these values. Upon etching in HF 

acid and glycerin for approximately two hours, the threshold increased 

by a factor of two to three, a significant increase. But when the sam- 

ples were re finished using barnesite and a pitch lap, the result was even 

more dramatic. The threshold increased more than an order of magnitude, 

going as high as 360 j/cm2 (76 GW/cnr). 

Since these measurements refer to the entrance surface and since 

the electric vector on the entrance has the same magnitude as in the 

bulk, these values can be used to indicate a minimum value of the bulk 

threshold. That is, since Olness and Swain saw no internal damage,7 we 

can conclude that the bulk threshold was at least an order of magnitude 

higher than the conventionally polished surface threshold. 
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We have found further evidence for this in other work. Feldman 

has measured a minimum intrinsic bulk threshold of 50-60 GW/cm2 at 2r, 

ns for lasex- rlassos.8 At Owens-Illinois, we have regularly been ob- 

taining threiiholds of 4 to 6 GW/cm2 (30 nsj, again at least an order 

of magnitude below the minimum bulk threshold. 

On the other hand, recent measurements have been made of the ratio 

jf bulk-to-surface breakdown levels using the same test setup for both 

measurements.9 In these measurements, a small beam (» 20 pn) was focused 

first inside the sample and then on the surface.  The probability of 

breakdown in these two positions was measured. For conventionally pol- 

ished BSC ; borosilicate crown) glass, a bulk-to-surface ratio of only 1.7 

was obtained. Thus, there is a rather wide discrepancy among reported 

bulk-to-surface ratios. 

One reason for the discrepancy could be that, in the work of ref. 

9, shots on which it was judged inclusions were struck were not counted, 

nor were the levels at which these inclusions damaged reported. That is, 

only shots on which it was judged that intrinsic damage had occurred were 

counted. This could lead to the high reported values for surface break- 

down (3^ GW/cm2 or * kOO  j/cm2 at 12 ns). 

Another reason for the discrepancy could lie in the subtleties in- 

volved in using very small beams for damage studies, as was done in ref. 

9.  If we accept as a premise the idea that, for small enough beams, 

there is no sharp damage threshold, but rather only a probability for 

damage at a given energy density, it is profitable to analyze an experi- 

ment that compares the probability of bulk breakdown to surface break- 

down. In such an experiment, damage is due to  at least one free electron 

gaining enough energy to begin an avalanche. 
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Consider Figure 1-1. Wie laser beam is focused through a m1crc;.:cope 

lens of focal length f to a spot of diameter d on a sample surface that 

has no inclusions and is perfectly uniform. Let's suppose in this ideal 

experiment that the beam profile is square and not Gaussian as in mo^L 

real experiments. That is, it is possible to associate unambiguously an 

energy density to any shot that causes damage. In this way we can ascer- 

tain the electric field ' • seen'' by the electron that starts an avalanche. 

One proceeds to hit the sample with a large number of shots at a constant 

energy level, counts the number of these that cause damage, and then de- 

termines the probability PG(E) of damage at that energy level. Now sup- 

pose d is doubled while maintaining the energy density constant, and the 

experiment is repeated in a second series of shots. It is obvious that, 

if the beam is small enough to see statistics, the probability for dan- 

age will be greater in the second series. The reason for this, of course, 

Is that the probability of damage depends on the initial number of free 

electrons available to initiate an avalanche in the irradiated volume. 

The point of this argument is that, for a beam small enough to see 

statistics on a uniform surface, the parameter of practical interest is 

not the probability of damage at a given energy level, which is system- 

dependent, but rather the probability of damage per unit area of surface 

irradiated. In fact, even this is over simplifying things.  The break- 

down occurs not an idealistic two-dimensional surface, but in a surface 

layer of probably a few hundred angstroms depth.  (We consider this 

depth to be roughly that of the modified surface layer left by the pol- 

ishing process. It is in this layer that one expects higher free electron 
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densities due to stresses, impurities, etc.) Thus, one should really 

consider the probability of damage per unit surface volume as indicated 

in Figure 1-1. 

Let us imagine next that the beam is now focused inside the sample 

to measure the probability of bulk breakdown Pt,(E), as in Figure 1-2. 

Again, it is obvious that the number of free electrons in the focal vol- 

ume VB is system-dependent, and therefore that PB(E) is system-dependent. 

If we consider the ratio P (E)/P (E), it might appear that the 

system-dependence cancels. That this is not the case can be seen by 

considering that the ratio V /V- (in Figures 1-1 and 1-2) changes as 

the focal length of the lens changes. That is, V- is roughly propor- 

tional to f3, while Vs a f
2. 

Thus, the ideas of electron avalanche and damage probability lead 

us to conclude that the ratio of bulk-to-surface breakdown levels cannot 

be measured with very small beams. However, one might make the seemingly 

obvious argument that, if the sample surface is placed in the middle of 

the beam waist as in Figure 1-5, and the bulk is sieen to damage before 

the surface, then surely the surface breakdown level is at least that 

of the bulk. Alter all, the beam has to pass through the surface to get 

to the bulk1. Again, this argument is wrong if one accepts the idea of 

damage probability. This can be seen by considering again that V-Vv^ 
Bo 

(Figure 1-5) changes with f. If f is doubled, for example, the number 

of free electrons in the surface volume is quadrupled, while the number 

of free electrons in the half of the focal volume in the bulk goes up by 

about a factor of nine, and therefore P (E)/p (E) is not constant. 
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We have gone on at some length with this analysis of small boam 

results In an attempt to resolve the discrepancy in reported ratios of 

bulk-to-curface breakdown. On the basis of this analysis and reported 

large beam results, we conclude that, on conventionally polished laser 

glass, which exhibits entrance thresholds of k-G  GW/cm2 at jjO ns, the 

surface threshold is at least an order of magnitude below the bulk 

threshold. 

We return to the effect of scratches and digs on the surface thresh- 

old. The idea that a scratch or dig should influence the damage thresh- 

old stems from the work of Crisp, et al, who showed the importance of 

considering the local macroscopic field in damage studies.10 Thus by 

a straightforward application of Fresnel's equations, they were able to 

explain the asymmetry between entrance and exit damage thresholds. 

Bloembergen extended the ideas of Crisp, et al, by observing that the 

electric field of a laser beam is enhanced at scratches and digs 11 He 

therefore concluded that such defects should lead to a lower damage 

threshold. This lowering of the damage threshold by defects would take 

place whether damage was due to either avalanche or inclusions. How- 

ever, because small enough inclusions do not damage, and because free 

electrons can diffuse out of the high electric field regions around 

small enough scratches before an avalanche can build up, it waij theo- 

o 

rized in ref. U that defects of less than about 100 A in their small- 

est dimension should not lower the threshold. 

Before Bloembergen's analysis, Guiliano had conducted surface dam- 

age experiments on ion polished sapphire.12 The sapphire samples were 
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generally smoother than is often achieved with a conventional polish, 

and the threshold was indeed higher by a factor of from two to six than 

on conventional surfaces. These results are often cited as confirma- 

tion of the correctness of Bloembergen1s analysis. However, an alter- 

native interpretation is that the increased threshold resulted because 

ion polishing introduces less contaminants than a conventional process. 

More recent experimental work on the comparison of intrinsic bulk 

breakdown to intrinsic breakdown of superpolished surfaces has also 

seemed to support Bloembergen's analysis,9 In fact, the work of ref. 9 

implies that glass surfaces do not have to be polished very carefully 

to raise the intrinsic threshold of the surface to that of the bulk. 

(Again, inclusion damage was excluded in the data.) Close examination 

of the electron micrographs of superpolished BSC glass in ref. 9 reveals 

scratches as large as 2000 Ä, and yet the intrinsic surface threshold 

was reported to be the same as that of the bulk. Laser glass can be 

polished to this degree [< 2000 Ä scratches) on a routine basis with 

''conventional'' polishing techniques. 

Damage thresholds of ' • conventionally polished'' and ' •superpolished'' 

fused quartz are also compared in ref. 9. The "conventional polish" 

can only be described as terrible. Defects as large as one micron are 

clearly visible. The ratio of surface-to-bulk threshold on this was 

again 1.7. The "superpolished" fused quartz again had a surface easily 

obtainable by routine polishing. Our interpretation of these micrographs 

and reported results is that no special care in polishing is required to 

achieve the results presented in ref. 9. 

-12- 
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We note that the experiments of ref. 9 were done with a very small 

beam (»20 ^an) and that a probability rather than threshold interpre- 

tation was made. The analyjis of small beam measurements presented above 

causes us to question the meaningi'ulness of the ratios reported. How- 

ever, such '•■.■reriments, if the geometry is maintained, should reflect 

changes in the surface-to-bulk ratio from sample to sample of the same 

type material. 

The two works discussed above (refs. 9 and 11) are consistent with 

the idea that a smoother surface leads to a higher damage threshold. 

On the other hand, the work of Olness and Swain5»6 on HF etched laser 

glass might lead one to a different conclusion. After deep etching of 

the commercial laser glasses they tested, which could have been expected 

to exhibit occasional scratches of a few thousand angstroms when supplied 

by the vendors, the surfaces were left in extremely rough condition. De- 

fects as large as 5 to 4 microns can be seen in the optical micrographs 

of ref. '}.    In this case then, the change was from a fairly smooth sur- 

face to a very rough one, and yet the damage threshold increased by an 

order of magnitude. This suggests two points. First, increasing the 

surface geometrical defects does not necessarily decrease the damage 

threshold.  Second, surface contaminants play the major role in deter- 

mining the damage threshold. 

Because of these seemingly conflicting results, we have measured 

the damage threshold of several samples that have been bowl-feed pol- 

ished. Wr note again that a large beam was used in our experiments, so 

no shots could be discarded because of inclusion damage. Thus, the 
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thresholds we measure are practical; i.e., they are representative of 

what one might expect in a real laser system that of necessity utilizes 

a ''large'' beam. 

To ascertain the relative smoothness of the surfaces we have dania; 

tested, electron microscopy was used. Some may object that surface 

smoothness cannot be quantitatively measured in this way and that an 

rms roughness measurement would be more appropriate. However, since 

theory indicates that only defects larger than about 100 Ä are detri- 

mental,11 we are interested only in isolated scratches and digs. Elec- 

tron micrographs are better suited for this than are rms roughness mea- 

surements . 

Figures 1-h  and 1-5 juxtapose two surfaces of ED-2 laser glass. Both 

have been bowl-feed polished in the same manner, except that the one in 

Figure I-^ was polished longer in an attempt to further remove scratches. 

This surface did in fact present a slightly better appearance when viewed 

in its entirety. Yet the damage threshold on this longer polished sur- 

face was only J+5 j/cm2 (1.5 GW/cm2), while the threshold of the other 

surface was 90 j/cm2. These two surfaces, however, were polished with 

jewelers roiage (iron oxide), which is known to cause low damage thresholds 

at 1.06 p.2 Initial damage is always due to inclusions on rouge-polished 

surfaces. But two inferences can be drawn from the data. First, longer 

polishing to get rid of scratches can lead to a much lower threshold. 

Second, the polishing history, aside from geometrical defects, is of 

prime importance in damage. 
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Another set of comparison surfaces is shown in Figures 1-6 and 1-7. 

These are fused quartz surfaces polished in the same manner by conven- 

tional techniques. The surface in Figure 1-7 has been subjected to an 

acid etch, leaving pits of about 1000 Ä. The entrance damage thresholds 

for the surfaces of Figures 1-6 and 1-7 were respectively 510 and 360 

j/cm2,  about the same within the accuracy of the measurements. 

Still another set of comparison surfaces is shown in Figures 1-8 

and I-9. In Figure 1-8 is an ED-2 surface conventionally polished with 

barnesite. Scratches as large as 1000 Ä can be seen.  (It is instructive 

to compare this "conventional" surface with the "superpolished" BSC 

glass surface of ref. 9.) Figure 1-9 shows a very good bowl-feed pol- 

ished surface. This sample clearly warranted the description "super- 

polished. '' No scratches larger than 100 A can be seen. The entrance 

damage thresholds of the two surfaces (Figures 1-6 and I-9) were the 

same, 150 j/cm2 (5 Gw/cm2). 

In those cases described above and in similar other cases, we have 

been unable to find an example of an increase in threshold due to a de- 

crease in the geometrical surface defects. In fact, the opposite has 

sometimes been the case. This seems in clear conflict with the basic 

argument that the field is enhanced at scratches and digs. We offer the 

following speculations in regard to this conflict: 

1. As pointed out by Bloembergen,11 the degree of field enhancement 

can only be estimated. Thus the calculations of ref. 11 are only rough 

estimates. Of the three ideal defects treated, the one which en- 

hances the electric field the most - by a factor of n2 - is the 
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"vee'' shaped groove. For this defect the maximum effect on ED-2, 

with an index of 1-56, would be a lowering of the threshold by a 

factor of about 5. Given the nature of the calculations, this 

factor might be much too high. 

2. Given that all other conditions are equal, it might be true that a 

scratched surface will damage before a smooth one. This would not 

be inconsistent with our experimental results. In the examples we 

have discussed, the surfaces were always different in ways besides 

the size of scratches by virtue of having been etched or not, or 

polished for different times, etc. 

5. Free electrons might diffuse out of the high field region faster 

than estimated in ref. 11. This could make scratches of the size 

found on most polished surfaces innocuous. 

k.    If one considers electron avalanche initiated by a free electron to 

be the mechanism of surface damage, there is a clear theoretical 

reason why scratches are not as important as might be thought. Con- 

sider a single 1000 A spherical pit struck by the laser beam, for 

example. By the arguments of ref. 11, the surface with this pit 

should damage more easily than a perfectly smooth surface. But the 

field is enhanced in a region of only about 10"15 cm3 around the 

pit. The probability of finding a free electron in this high field 

region is small. The extension of this argument is obvious. The 

density of defects on the surface must be taken into account if 

avalanche is the breakdown mechanism. 

Whatever the case, there are two points that are clear from our ex- 

periments. First, surface contaminants are often more important than 
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scratches and dißs in lowering the damage threshold. Second, polishing 

of laser glass to a degree greater than that readily obtainable by con- 

s' 
ventional polishing techniques does not raise the damage threshold, and 

. I ,. 
might even lower it through introduction of more surface contaminant::. 

In closing this section, we note that the surfaces tested and shown 

in the electron micrographs were carefully selected.  In general, the 

appearance of polished glass surfaces in electron micrographs varies 

widely, even when the same glass, polishing compound, and polishing 

techniques are used. This is illustrated in Figures 1-10 through 1-17 

which show i;D-2 laser glass polished under various conditions. Note the 

inclusions readily visible on some of the samples. 

I-5. Use of Hot Nitric Acid or Hot Water 
 to Increase the Surface Threshold 

1-^.1. Introduction and previous results 

Having concluded that rendering a glass surface free of scratches 

and digs docs not generally raise its damage threshold, we have concen- 

trated on surface treatment techniques. These treatments have been based 

on the premise that surface damage in large beams is due to surface con- 

taminants loft by the polishing process. 

Acid treatments to raise the surface threshold are, of course, not 

new. Several investigators have tried them with different acids and 

varying results. Davit13 used a solution of sulfuric and hydrofluoric 

acids and found an increase in the threshold lasting only a few minutes. 

Sometime ago, we tried very weak solutions of hydrofluoric acid on ED-2 

laser glass. No increase in threshold was observed. On the other hand, 

Yamanaka, et al, have reported a substantial (»; kCff-,)  threshold enhancement 
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; . on bariui:: crown glass after a 10-minute iromersion in lO1^ hydrofluoric 

acid.14 They made no comment on the optical quality of the surface 

after etching. In their work, Olness and Swain 5'6 used a very strong 

solution of hydrofluoric acid on silicate glasses and the surface was 

deeply etched. Although they obtained up to a tenfold increase in 

the threshold, the surface was optically unacceptable. 

When one views superpolishing and acid etching collectively, a 

patiern emerges. Continued polishing to achieve smoother surfaces can 

lower the threshold. When enough of the surface layer is removed, the 

threshold can be increased dramatically. These results imply that pol- 

ishing contaminants are of primary importance in damage, and that a 

method for removing them without deleterious effects on the optical fin- 

ish would lead to an increase in threshold useful in practical oystems. 

1-^.2.  Experimental results 

We hb /e  treated barnesite-polished 133-2 laser glass with hot (just 

beluw boiling) 0.4 molar nitric acid. The results have been striking. 

The entrance threshold is raised from 1^0 j/cirf' (50 ns) to as high as ^70 

j/cm2. Furthermore, the surface is left in good optical condition, al- 

though in some cases the acid exposes subsurface scratches left by polish- 

ing.  Further yet, the effect appears to be permanent. Acid-treated ED-2 

left in the lab environment for almost two months and then cleaned and 

subjected to a damage test still exhibited a threshold of h'JO  j/enr. 

On the other hand, the effect of the hot acid treatment varies with 

polishing history. The increase in threshold for the ED-2 barnesite- 

polished glass given above was 320 j/cm2. This was for a set of samples 
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all polished in the same manner in a particular polishing shop. The 

increase was consistent from sample to sample in this set. However, 

for ED-2 iolished by different techniques, including bowl-feed and dif- 

ferent polishing compounds, the increase in threshold varied from almost 

zero to c-JO  j/cm2. The variation in results for ED-2 is indicated in 

Table 1-1.  (The listed thresholds are accurate to within ± 25^.) 

These results clearly indicate the importance of the polished sur- 

face layer. That this is the case is not surprising when one considers 

the complexity of the process we simply label ''polishing.'' The earli- 

est discussion of the polishing problem appears to be by Robert ilooke. :L'~> 

It has been a subject of speculation by 'juch luminaries as Newton and 

Lord Rayleigh, yet no satisfactory explanation of the (olishing process 

has yet been devised. There is still contention over whether polishing 

is a result of abrasion by ever-finer particles, a melting and resolidi- 

fying of the surface with intermediate flow filling in scratches, or 

even a chemical process. 

An example of how the surface is affected by the details of polish- 

ing is found in a paper by Bennett and King.1G They used ellipsometry 

to measure the thickness and refractive index of the surface layer on 

fused quartz. After polishing by a given process, they found the modi- 

fied surface layer to be 100-200 A thick with an index 0.00^ ± 0.010 

above the bulk value of 1.46. By changing only the amount of water on 

the pitch lap, they found the surface layer ^ould be several hundred 

angstroms thick with the outer part having an index as high as 1.50. 

Let u." return to the effect of the hot nitric acid bath on polished 

glass surfaces. Figures I-l8 and 1-19 show respectively ''before" and 
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Other glasses treated were fused quartz; E-ll, a high index bismuth 

glass; and FK-6, a Schott fluorosilicate glass. The barnesite-pollshed 

fused quartz showed no increase in threshold.  The entrance threshold 

was 300 j/cm2 for the treated and untreated samples. No other polish- 

ing process was tried on the fused quartz. The nitric acid badly damaged 

the E-ll surface, leaving myriad cracks. The same was true for FK-u. 

The FK-6 surface could be removed in flakes after acid treatment. 

I-'jQ. Theory 

We turn now to speculation about why the hot acid bath can be co 

effective In increasing the threshold. The effectiveness of the treat- 

ment is time-dependent; Figure 1-20 shows the entrance threshold vs. time 

in tie acid bath for barnesite-polished ED-2. The threshold begins at 

abou'. l60 j/cxrF,  rises rapidly for the first few hours, and then approachet 

an asymptotic value. The shape of this curve and the times involved sug- 

gest that the increase in threshold is related to a diffusion irocess. 

To farther explore this, we examine the mathematics of diffusion. 

The di i'fusion equation is 

ac _ D fc 
at      axa (1) 

where C is the concentration of the atomic r.pecies of interest, t is the 

time of diffusion, x is the diffusion distance, and D the diffusion co- 

efficient. As a system, we take our 1 cm3 glaL.s samples submerged in 

nitric acid. This approximates a semiinfinite solid in contact with a 

semiinfinite liquid, and the appropriate solution of (l) is 
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= Co ll -  erf -Z-~\ 
\ 2V/ Ct / 

(2) 

where CQ is the concentration of the species of interest in the liquiri. 

Arbitrarily, setting C/c0 =  l/2 we obtain 

.- 
a/aa^Dt (5) 

or 

Xi/a a ^ t 

X!/-. is the distance into the glass surface at which the concentration 

C is one half Co- 

The fractional change in untreated surface threshold A(DT)/DT is 

plotted in Figure 1-21. We see that indeed the fractional change in 

threshold follows k  very well, except the point at 2k  hrs is far off 

the -urve. This is not surprising, since one does not expect the thresh- 

old -o increase indefinitely as diflesion progresses. 

To further check the reasonableness of a diffusion process, we set 

t = lO4 see and x = 1000 Ä in eq. (5). We choose this value of t be- 

caus.; the threshold is approaching a maximum alter about 5 hrs. 1000 A 

is reasonable for the modified surface layer left by polishing. The 

valu-' then obtained for D is 10"14 cm2/sec. The diffusion coefficient 

in water for a glass similar to ED-2 is 10"16 enf'/sec.    Thus 10 -14 cm2 

sec is reasonable when one considers that D for glasses typically change:; 

two or throe orders of magnitude between 250C and 100oC. 

This strong dependence of D on temperature might also explain why 

we have seen large increases in the threshold through acid treatment at 
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980C while others have not when using acid at room temperature. It 

also suggents that treatments at higher temperature, say 150oC In a 

pressure cooker, might be effective in decreasing the strong detondence 

on details of .polishing. 

A peculiar aspect of acid-treated ED-2 shows up in the damage 

morphology. Figure 1-22 shows an optical micrograph of an oxit damage 

site. One can see what appears to be a thin film on the surface. This 

film has boon partially stripped away by the plasma accompanying the 

damage. Interference micrographs show that this film is about ;i00 Ä 

thick. The film does not occur on untreated ED-2, or on treated or un- 

treated EY-1 or fused quartz. Normal cleaning of the undamaged surface 

with lens tissue does not appear to damage the film.  We will not si ecu- 

late about the nature of this film other than to say that one might ex- 

pect nitric acid to leach Li ions from ED-2, leaving a silica-rich sur- 

face layer. This would be consistent with a diffusion process. 

Boilir.'j; water is almost as effective as hot nitric acid in increas- 

ing the surface threshold of barnesite-polished ED-2. Twenty-four hours 

in boiling water raised the entrance threshold of ED-2 to 56c j/cra2. 

However, no film appears around the damage sites on water-treated samples. 

In all this discussion of diffusion, we have said nothing about 

what is diffusing. This is because we don't know. It might be ]olish- 

ing contaminants, but since most atoms of polishing compounds are largo, 

diffusion would be very slow relative to, say, diffusion of lithium. We 

leave open the possibility that evidence for a relation between the in- 

crease jin threshold and dif±\ision is misleading.  The hot nitric acid 

and hoii water might simply be very effective cleaning agents. 
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1-!?.^. Coucltislons and implications 

We have found a 24-hour treatment in hot (98°) nitric acid or 

boiling water can greatly increase the surface threshold of laser glass. 

The effectiveness of the acid treatment is highly dependent on polish- 

ing history of the surface. These results are consistent with the view 

that surface contaminants left by polishing are of primary importance 

for surface damage. The results are also consistent with those of Sec- 

tion 1-5 where it was shown that longer i-olishing to achieve a smoother 

surface can lower the damage threshold. 

We Ho not completely understand why a hot acid or water treatment 

is so effective, but the data suggest diffusion plB-Y5 a role. Because 

of this, and because acid at room temperature is not effective, we sug- 

gest that treatments at still higher temperature may remove the depend- 

ence on polishing history. 

We have dealt mostly with laser glass in these studies, since that 

was our charter under the contract guiding the woriv. Surface damage on 

laser glasr; can be a practical problem unless care is taken to avoid 

rouge polish. However, we have determineu that ED-2 laser glass produced in 

an optical production shop normally has an exit threshold of well over 

100 j/cm2 for large beams (50ns). In most glass systems, self-focusing 

leads to damage before the surface threshold is reached. For most pur- 

poses, therefore, a surface treatment to raise the threshold is not re- 

quired.  (This may not apply to some systems, such as rangefinder os- 

cillators where surface damage can be important.) 
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Perhaps the greatest potential use for the results presented here 

is 1'or other types of laser materials where surface damace is still a 

problem. Much effort is being expended, for example, on 10.6 /jm window 

materials. Many of these materials cannot be subjected to boiling water 

or hot nitric acid without deleterioiis effects.  However, other hot 

liquid agents might prove effective. 

Another area of concern is damage to glass surfaces by flashlarnp 

light. This is particularly important in some of the large disk lasers 

being used or constructed for fusion studies. We have found that thor- 

ough cleaning can greatly decrease susceptibility of laser glass to 

flashlarnp damage. V.'e are not sure that this damage is due to remnants 

of polishing compound, but if it is, the treatments discussed here might 

be effective. 

.. 

■ 

1-6. Analysis of Laser Pulse Cutoff by Damage Site 

In studies of laser-induced damage to dielectrics, a commonly ob- 

served phenomenon is cutoff of the laser pulse as it passes through the 

damage site. The shape of the pulse transmitted through the damage site 

- that is, the wave form seen on the photodetector - takes many forms. 

Sometimes the pulse is attenuated in less than the response time of 

the detector (usually less than one nanosecond); sometimes it is gradual, 

taking place over 15 ns of a 50 ns pulse, for example; and often there 

is no perceptible attenuation at all, even when damage has occurred. 

The transmitted pulse shape has been used to infer the mechanism 

of damage in some studies.11»17 If the cutoff is sharp, the mechanism 

was inferred to be electron avalanche. Inclusion damage was inferred 
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from a gradxial attenuation. It is difficult to understand how an inclu- 

sion can lead to significant attenuation under the conditions described 

in ref. 17. In that work, a. 20 ym diameter beam was vised. Inclusions 

that lead to damage in a Q-switched pulse are often much less than a 

micron in diameter. Such an inclusion would intercept much less than 

one percent of the power in the 20 jjm  beam, an amount too small to be 

detected on a photodiode-oscilloscope arrangement. 

One might argue that it is not the inclusion but the damaged area 

resulting from the inclusion explosion that intercepts a significant 

part of the beam. This is feasible, since sound, and therefore mechani- 

cal damage, can traverse a 20 ;jm beam during a Q-switched pulse. How- 

ever, it has been shown that inclusions can lead to craters as small as 

one micron in diameter.18 Again the cross-sectional area of such a 

crater does not intercept enough energy from the beam to cause significant 

attenuation. 

It was also shown in ref. 18 that inclusion damage can occur without 

an accompanying plasma. Thus, one cannot argue that an inclusion initi- 

ated plasma is responsible for pulse cutoff. 

Because so much emphasis has been placed on interpretation of attenu- 

ated pulses, we present an analysis of the phenomenon. To begin, we as- 

sume that the plasma that often accompanies surface damage is responsible 

for any significant interception of the damaging pulse. That is, we take 

inclusion attenuation to be physically unreasonable. The damaging beam 

is taken to be of Gaussian cross section. The temporal dependence of 

the pulse is approximated by a half sine wave. A plasma is born at a point 
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at R on the surface sometime during the pulse.  (A cylindrical coordi- 

nate system with origin at the Gaussian beam center is used.) The plasma 

electron density is greater than the critical value for the laser fre- 

quency, which renders the plasma opaque to the laser beam. The plasma 

spreads from its point of origin with a speed v, intercepting an in- 

creasing fraction of the instantaneous beam power passing through the 

surface. The problem is to calculate for this system the total power 

as seen by the photodiode, placed beyond the damaging surface, at time t. 

•rhe power density at any point r on the surface is given by 

p(r,t) = p(0,t = TT/2w)(sin wt) exp [- £•] 

Integrating eq. (5) in space, we obtain the total power at time t. 

(5) 

-2T! » 

PT = P(0,T7/2w)(sin wt)      exp [- ~\ r drdO 

o 'o 

(6) 

= TTO^ p(0,Ti/2w) sin wt 

Now we calculate the power P_ intercepted by the spreading plasma 

at time t and subtract this from eq. (6) to obtain the power .'ncident 

on the photodetector. To calculate P_, we translate the coordinate 

system center to R where the plasma originates. The new coordinates 

are taken as r' and 0',  and 

r = R + r' (7) 
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Thus  the jxjwer density at r' is given by 

p(r/,t) = p(- R, t = T\/2v){sin wt) e'   2 

(R + r')2 = R2 + 2 r'R cos G + r'2 

vt' 2n 

PI(t) = p(- R,Ti/2w)(sin wt) I 
exp (R2 + 2 r^R cos 9 + r/2)  , . , r7 dr' do 

(8) 

(5) 

(10) 

The limit vt' is the radius to which the plasma has expanded at time t. 

(We have assumed that breakdown [plasma initiation] occurs at the pulse 

peak; that is, at t' = t + TI/2W.    That this is not always the case does 

not concern our analysis here. ) Note that integration over 0 is equiva- 

lent to integration over 0'. 

Subtracting eq. (lO) from eq. (6), we have the power P(t) incident 

on the diode. 

P = P(0,TT/2W) sin wt FTTO
2
 - exp (- 5-ji(t)l , (11) 

where 

1(1) = I   1   exp r r exp -(r/2+2^cos ü) **  cos Q\-'  ^/ r' dr' dO (12) 

From eq. (11), we see that the deviation of the photodetector pulse 

from a half sine wave depends on v, R, and a; that is, upon the plasma 
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expansion rate, the distance from the beam center at which breakdown 

occurs, and the beam size. 

It is possible that eq. (12) can be integrated over r' and/or 0 

in closed form to obtain a more tractable expression, but we do not ;:ee 

the solution.  Certainly eq. (11) can be evaluated numerically for sev- 

eral cases of interest, but we leave this to anyone else that might be 

interested. Instead, we will discuss semiquantitatively the wave forms 

that could be generated. 

First, we ask what are reasonable values of the plasma expansion 

rate v. This lias been measured in two experiments. 19>20 In both of 

these, rates of approximately 106 cm/sec were found for Q-switched pulses 

However, these measurements were generally made well above the breakdown 

threshold. This leads us to take 106 cm/sec as an upper limit on v for 

two reasons. First, v can be expected to depend on the rate at which 

the laser pulse deposits energy into the plasma.  Second, although we 

have assumed in our analysis that breakdown occurs at a single point, 

this is decreasingly likely to be true at power levels above the break- 

down threshold. The result would be an apparently greater expansion rate 

in the experiments of 19 and 20. As a lower value of v, we somewhat 

arbitrarily choose 105 cm/sec. 

With these values of v we can consider what wave form might be ob- 

tained when a 20 pn diameter Gaussian beam is used, as in the work of 

ref. 17. First, suppose that breakdown occurs at beam center and that 

v = 106 cm/sec (10 jxa/ns).    The result would be an almost total cutoff 

of the pulse in less than one nanosecond, the pulse form attributed to 

intrinsic breakdown in ref. 17 (see Figure 1-25). 
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Suppose that v = 105 cm/sec (l ^n/ns) and breakdown occurs at beam 

center. Then the pulse attenuation will be as shown in Figure 1-21*-. 

A fairly fast cutoff occurs ax first because the plasma is intercepting 

the most intense part of the beam. This is followed by a more {jraduui 

attenuation as the plasma intercepts the less intense beam edges. This 

pulse form might be attributed to inclusion produced damage.17 (it is 

worthy of note that, in the work of ref. 17, plasmas assumed to be asso- 

ciated with inclusions were usually less intense.  One could infer from 

this that these plasmas were not as hot as those attributed to intrinsic 

breakdown, and therefore v would be smaller.) 

It is obvious from these examples that, by choosing appropriate 

values of v, R, and a, one can generate a vide variety of attenuated 

pulses. Thus with large beams in which the power density is near thresh- 

old, one expects to see almost no attenuation, and in fact in our studies 

with a 1.6 ram beam this is the case. At the other extreme, with a small 

beam of power density well above the threshold, where breakdown would 

occur at several places in the beam, one expects to invariably see a 

very rapid attenuation. 

In this section, we have attempted to analyze the myriad pulse 

forms seen in damage work. The major points we have made are: 

1. Pulse attenuation is almost certainly due to a plasma; 

2. The myriad forms of attenuation observed can be easily explained 

by considering the plasma expansion rate in conjunction with beam 

size and power; and 
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5- It is not generally appropriate to relate pulse forms to the l.asic 

damage mechanism, especially when the mechanism is inclusion damage 

where a plasma is often not present. 

1-7. Damage Morphology - Comments on 
 Ring Structure -^n ED-2  

Damage morphology takes many forms, depending on material, pu : 

width, etc. We discuss only one aspect of damage morphology here; the 

frequent appearance of a ring structure around damage sites on ED-2. 

A typical ring that can appear on either the entrance or exit surface 

is shown in Figure 1-25. The ring consists of material deposited on the 

surface. This deposit cannot be removed by hand rubbing with acetone or 

isopropyl alcohol. The form of the structure varies; sometimes it con- 

sists of a single ring, sometimes of multiple noncircular rinc-s (Figure 

1-26) and sometimes of multiple concentric rings (Figure 1-27). The ring 

diameter can range from approximately the diameter of the damaging beam, 

about 1.6 mm in our studies, to several times that size. Generally, the 

diameter increases with the energy of the beam. Although the effect is 

not easily discernible in the micrographs, the surface inside the rings 

always exhibits a rippling or ''orange peel'' effect. Occasionally, some 

cracking of the surface is seen. 

Since the rings can be much larger than the damaging bean1., it can 

be concluded that they are caused by the plasma accompanying damage and 

not by the laser beam. This is supported by the absence of rings when 

damage occurs without a plasma. 

Rings are especially prominent on ED-2 laser glass, but are not 

manifested on some other materials.  On fused quartz, for example, we 
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nc/er observe them. They arc fairly easily seen on FK-6, a Schott 

fluorosilicate glass. 

V/e have offered the following explanations of these rings in 

another place.21 The initial plasma is formed in the region or Lhe 

damaging beam. Its temperature is greater than lö5 K as it begins to 

expand over the surface, and it heats the surface as it comes into con- 

tact with it. It is this heating that causes the ripple effect. The 

plasma is cooled by expansion and by contact with the cooler surface. 

As the plasma cools to an appropriate temperature, one or more of its 

components condense onto the surface, forming a ring of material. 

We still think, this explanation of the ring formation is valid. 

However, in ref. 21, we attempted to explain the multiple ring structure 

by attributing each ring to a different plasma component that condensed 

at a different temperature, and therefore at a different radius. We 

now believe the multiple rings are associated with mode beating on the 

dimaging pulse. Thus the pulse shown in Figure 1-28 led to a single 

ring, while the pulse in Figure 1-29 led to a multiple structure similar 

to that of Figure 1-2?. 

By this theory, the plasma is ''driven" by the laser pulse. The 

plasma temperature easily follows the power peaks on the pulse. The 

radius of a particular ring depends on the temperature of the plasma in 

its inchoate stage.  The temperature in this stage is in turn a function 

of the laser beam power intercepted (absorbed) by the plasma. 

This explanation of the ring structure is supported by the number 

of rings and peaks on the laser pulse.  In Figure 1-27, for example. 
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i soven rings can be ceen.  In Figure 1-28, there are nine peaks on the 

laser pulse. These two observations are consistent if we assume that 

breakdown occurred near the third peak, leaving one ring for each sue 

ceeding peak after the third. From this we infer that the outer rin 

is associated with a peak near the middle of the pulse and the inner 

rings with the following lower power peaks. 

Further support of our interpretation of the rings is found in the 

distance between adjacent rings. In Figure 1-2?, the distance between 

adjacent inner rings is approximately 0.05 mm. The time between peaks 

on the laser pulse is 6 ns. The plasma expansion rate inferred from 

this is approximately 106 cm/sec. Since the rings in Figure 1-2? are 

about the same size as the damaging beam, this is in good agreement 

with measured expansion rates. If the rings were much larger in diam- 

eter, this relation between initial plasma expansion rate and distance 

between rings would not hold, since the plasma cools rapidly as it ex- 

pands. 

As shown in Figure 1-26, the ring structure is not always circular. 

We attribute this to breakdown in two well-separated regions of the 

laser beam so that two plasmas are present. This noncircularity would 

not occur if a very small beam were used. 

Finally, we point out a characteristic of some rings for which we 

have no explanation. This is the sawtooth structure seen in Figure I-JO. 

Perhaps this is due to temperature differences along the periphery of 

the expanding plasma, but this is strictly conjecture. 
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Figure 1-1. Damaginc beam focused on surface volume V 

Fißure 1-2. Damaging beam focused into interior 

Vc 

Figure 1-3.    Damaging beam focused to measure surface and bulk breakdown 
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Figure 1-k.    Bowl-feed polished ED-2 laser glass 
- long polishing time - rouge polish 
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Figvire 1-5. Bowl-feed polished ED-2 laser glass 
- short polishing time - rouge polish 
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Figure 1-6. Conventionally 
polished fused quartz 
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Figure 1-7.    Conventionally 
polished fused quartz 

after acid etch 
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Figiire 1-6.    Conventionally polished ED-2 laser glass 
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Figure I-9.     Bowl-feed 
polished ED-2 laser glass 
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Figure I-11. ED-2 bowl-feed - rouge polished - short polishing time 
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Figure 1-12.    ED-2 conventional polish with rouge 
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Figure 1-15-    ED-2 convenlxonal polish with barnesite 
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Figure 1-lk.    ED-2 conventional polish with barnesite 
- crystalline structures may be platinum 
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Figure 1-15. ED-2 bowl-feed - barnesite polished 
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Figure 1-18.    Polished glass 
(EY-1) svtrface before 
hot acid treatment 
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Figure 1-19. Polished glass 
(EY-l) surface after 
hot acid treatment 
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Figure 1-22. Damage on acid-treated ED-2 
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Figure I-25. Ring of material deposited around damage site 
on ED-2. Ring diameter is about 5 ram. 

Figure 1-26. Noncircular damage ring on ED-2. 
Diameter is 2.5 ram. 
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: 

Figure 1-27. Multiple ring structure on ED-2. Distance between 
adjacent inner rings is approximately 0.05 mm. 

Figure 1-28. Pulse form asso- 
ciated with a single damage 
ring. 20 ns/division. 

Figure I-29. Pulse form asso- 
ciated with multiple rings. 
20 ns/division. 
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Figure 1-50.     Sawtooth structure on damage ring distance 
between rings in approximately 0.1 ram 
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Table 1-1 

Effect of Hot Acid Treatment 
Polished by Several Procen 

on ED 
ses 

-2 

Polishing Technique 

Entrance 
Threshold before 
Acid Treatment 

Entrance 
Threshold after 
Acid Treatment 

Barnesite with 
pitch lap - Shop 1 

1^0 j/cm2 ^70 j/cm2 

Cerox and pitch 
Shop 1 

180 525 

Cerox and pitch 
Shop 2 

180 250 

Cerox - Bowl-feed 
Shop 5 

iko 575 

Diamond - Shop 2 200 210 

Rouge (iron oxide) 
Shop 1 

60 270 

Rouge (bowl-feed) 
Shop k 

^5 150 
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II.  HIGH ENERGY DENSITY LASER SYSTEM 

II-l. Summary 

I. Usinc, TEMoo narrow bandwidth 15 ns pulses^ we achjeved output irradl- 

ances of more than k.k  GW/cm2 (70 j/cm2) with no damage. In terms 

of irradiance, this is ikGi  of the contract goal of ^.1 GW/cm2 or 

100 j/cm2 in a 50 ns pulse. 

?. Using multimode broad bandwidth 50 ns pulses, we achieved output ir- 

radiances of 2.2  GW/cm2 (70 j/cm2) with no damage to the amplifiers 

but with damage to a collimating lens. We achieved 1-9 GW/cm2 (59 

j/cm2) with no damage at all, but the highest repeatable multimode 

output irradiance without any damage was approximately l.k  GW/cm2 

(45 c/cm2). 

5. In both cases, higher irradiances could only be achieved by sharper 

focusing of the beam which led to self-focusing damage. With shorter 

amplifier rods and greater preamplification, even greater output ir- 

radiances should be possible. 

k.    In no case was an amplifier rod surface damaged, unless self-focusing 

damage occurred also.  Surfaces of passive components nearly normal 

to the beam were frequently damaged and limited the extent of the 

experimental part of this study. This damage could be eliminated but 

was not,due to delays in the delivery of certain items and a shortage 

of time. In "nigh-power nanosecond lasers, surface damage is a prob- 

lem, but a solvable problem. Self-focusing is the current limit to 

the performance of such lasers. 
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5. At 70 j/cm2, it did not seem to matter whether the 15 ns pulse enve- 

lope was temporally smooth or spiky (displaying irregular subnano- 

second substructure). 

6. At least in the case of nanosecond pulses of irradiance grc ,er than 

the amplifier saturation irradiance there seems to be no great need 

to use single spatial mode or narrow bandwidth pulses to prevent 

damage. 

7. Amplifier spontaneous emission kept us from using as much preamplifi- 

cation as we had originally planned on in the single-mode experiments. 

Greater isolation should have been provided. 

8. A Faraday isolator should have been used to prevent damage due to 

backward traveling reflections. 

9. All positive lenses of focal length f form a tertiary (twice-reflected) 

focus located approximately 0.15 f from the lens. This twice-reflected 

focus can be intense enough to cause damage. 

10. The concept of total internal reflection apodizers appears worthy of 

further research. Other areas considered worthy of further research 

are outlined in Section II-5.5. 

II-2. Introduction 

II-2.1. Preliminary remarks 

In order to minimize confusion, we begin by stating several of the 

definitions, assumptions, and convention used in this section of the 

contract report. 

Pulse lengths in time (t ) are full width at half maximum (FWHM) 

values. For purposes of calculating peak üowers (P), we assume all 

pulses are Gaussian in time. This means that 
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p = o.gk (i) 

where E is the energy in the pulse. 

The symbol ''p'" is used to indicate j/cra2 which we call ''energy 

irradiance.''  Irradiance refers to w/cms.  The word intensity is used 

only loosely.  If we say a pulse is more intense^ that may refer to 

power (W), irradiance (w/cm2), energy (j), energy irradiance (j/cm2), 

or other parameters that would apply in that par+ cular context. 

We also wish to acknowledge the technical assistance of D. Wahl and 

T. Phillips. 

II-2.2.  Goals 

The goal of this phase of the contract was to demonstrate a Nd:glass 

laser that operated at an energy irradiance of 100 j/cm2 in a 50 ns pulse. 

The feeling was that we had already shown that the surface damage thresh- 

old of typical laser glasses was at least 100 j/cm2    so one should be 

able to operate actual lasers at these irradiances  (3.1 GW/cm2).    All the 

previous experiments, however, were done with small, isolated, passive 

glass sampler, at the focus of a l.S meter lens.1    The goal of this por- 

tion of the contract was to show that the same damage thresholds could 

be expected in actual laser systems using large pieces of active  (opti- 

cally pumped) Nd laser glasses.    Thus we hoped to show actual laser op- 

eration at 100 j/cm2, not just passive resistance to damage at 100 j/cm2. 

Recent studies by BliSii, et al, have shown that there is indeed a dif- 

ference in damage resistance between pumped and unpumped samples and that 

this difference is consistent with current theories of small-scale self- 

focusing. 
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Given a goal of 100 j/cm?, one still has not specified the total 

e.iergy in the laser output. Originally we hoped for M 100 J, but fin- 

ancial and technical constraints made us decide to concentrate on 100 

j/cm2 and treat the total energy as a secondary concern. Our philosophy 

also was to not do anything that couldn't be readily applied to existing 

Mrglass lasers. The 100 j/cm2 would be attempted under conditions as 

near as practical to those found in operating lasers. For example, 

100 j/cm2 in a highly focused or defocused beam would not be in the 

spirit of this contract. We wanted 100 j/cma at the output of a prac- 

tical laser system. 

Frankly, we experienced some indecisiveness in starting this work 

because we felt that the limiting factor in 30 ns lasers was self-focusing 

damage, not surface damage - and this contract was to focus specifically 

on surface damage. One could also question the wisdom in seeking 100 

j/cm2 in a laser material that saturates at approximately 6 j/cm2. At 

energy irradiances several times the saturation level, the extraction of 

energy from the laser amplifier becomes very nearly complete and further 

increases in energy irradiance become counterproductive due to the in- 

evitable losses of scattering and absorption.  Consider a laser pulse of 

total energy E0 that is to be amplified to EQ + 3 W0, where W0 is the 

energy stored in an amplifier of cross-sectional area A and length L 

Four cases will be considered (see Figure II-l).  We further assume that 

the incident energy irradiance in cases a and b is 100 j/cm2, thus in 

cases c and d the energy irradiance is 35.3 j/cm2.  If we neglect all 

losses and assume that at both 33-3 and 100 j/cm2 complete energy 
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extraction takes place, the output in all four cases is EQ + 3 W0. How 

let us consider the losses. Let each surface have a loss of ''s1' ^ 

and let the laser material have a loss coefficient of y.    The output 

in each case is listed in Table II-l. We calculated some numerical 

values using:  (EQ + 3 W0) = 109 j/cm
2 

£ = 3 cm 

s = 0.1; = 0,001 

y  = 0.002 cm"1 

. 

(The 5.33 exponent in Table II-l arises in case c because one beam sees 

four surfaces, while two beams see six.) 

The advantage of large apertures and lower irradiances is clear, 

although more rigorous calculations would be necessary to accurately 

evaluate the trade-offs involved. Because of these losses and pulse- 

shaping effects, it is seldom advisable to operate at energy irradiances 

more than five times the saturation energy irradiance.3 For ED-2 laser 

glass, the saturation energy irradiance (p ) is approximately 6 j/cm2, 

so the contract goal of 100 j/cm2 is more than sixteen times p . 
s 

Nonetheless, there is a variety of valid reasons why one might want 

to operate at 100 j/cm2. The maximum aperture size may be limited by 

technical or financial constraints. Also the pumping (storage efficiency 

of small aperture Ndrglass amplifiers is higher than the pumping effi- 

ciency of large aperture disk amplifiers.4*5 Pumping or storage effi- 

ciency is the ratio of the energy stored in the (Nd) amplifier to the 

energy stored in the pumping capacitor banks. So even if high irradiance 
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operation leads to less efficient energy extraction, the total system 

efficiency and/or cost effectiveness could be higher due to the increased 

pumping efficiency. Attempts at 100 j/cm2 operation may also lead to 

further improvements applicable to other laser systemß and/or other op- 

tical components. All things considered, there are indeed valid reasons 

for seeking a 100 j/cnf  laser. 

II-j. Theory 

II-3.1. Measurements 

An important question in this study was: ''what is the best way to 

measiire irradiances of 100 j/cm2 in 50 ns pulses?"  These measurements 

require care±\il attention to both temporal and spatial effects. We con- 

sider temporal effects first. Figure II-2 illustrates the possible prob- 

lems.  If the pulse has low irradiance wings in time (or space), the total 

energy in these wings may be large enough to give misleading measurements. 

For example, the flashlamp and Nd:fluorescent lifetime assure that the 

amplifiers will be in a condition of rather high gain for about 1 ms. 

During this time, amplified spontaneous emission (ASE) will be emitted 

along the optic axis.  It will be divergent, but if the energy detector 

is close to the amplifiers and has a large area, it will measure this 

energy. The temporal resolution of the calorimeters used in this study, 

and many other energy detectors cannot indicate whether the energy was 

deposited in 1 ms or 30 ns. Also, the dynamic range of photodiodes or 

other pulse length measuring devices is nowhere near large enough to 

indicate the presence of low-intensity wings. For example, let us as- 

sume that the ASE is only 10"5 the irradiance of the 30 ns pulse peak 
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Uy/l = 10"5). The total energy then will be (30 ns) x (5 GW) plus 

(1 ms) x (5 x 10"5 GW). No photodiode will detect wings of 10"5 and 

yet 25'' of the total energy would be in these wings. 

Several things can be done to minimize these temporal difficulties. 

One step is to fire the amplifiers without a laser pulse and see if any 

ASE is detected. A few complications arise though when one asks what 

is the fair thing to do with the oscillator during these tests. If it 

is simply blocked off from the amplifiers, the ASE is likely to be af- 

fected by the oscillator output mirror (which in standing wave oscillators 

must be perpendicular to the optic axis) and by the fluorescence of the 

oscillator rod. The technique used in this work was to block off the 

light between the oscillator rod and the nonoutput mirror. Even this 

affects the ASE because we purposely used a leaky Pockels cell to Q- 

switch the oscillator. Another solution is to temporally gate the de- 

tector and/or the transmission through the amplifiers. Integrating 

photodetectors are another possibility, but linearity and dynamic range 

can still be a problem. Faraday isolators can help by insuring that 

the oscillator output mirror does not increase the ASE. Another ap- 

proach (used in this work) is to make the 30 ns pulse smaller in area 

than the area of the ASE. In our case, we sampled a 1 mm diameter. 

The ASE was emitted (rather uniformly we assume) over 2.65 cm2. This 

is 363 times the area of the 1 mm hole. So less than O.y-  of the ASE 

enters the detector.  If the ASE is 10 J, it would make less than a H 

error in a 100 j/cm2 measurement. Note also that these temporal com- 

plications are much worse in the case of subnanosecond pulses.6 
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Next, we turn to the spatial problems  involved in measurlnn 100 

j/cmP.    The problem is the same except that now the wings refer to space 

instead of time.     One obvious solution is  eimply to use an aperture. 

But,  if an aperture vere simply placed in a 100 j/cm2 30 ns las'3r beam, 

two serious problems would arise.    First, the aperture and/or the plasma 

caused by the laser-induced damage to the apertiire would reflect part 

of the beam back towards the oscillator.     In a system such as ours, 

with no isolation, this could be disasterous.     Second,  if a plasma de- 

velops,  it may limit the transmission of the later parts of the pulse 

tlirough the aperture.    One solution is to use filters and/or beam split- 

ters to reduce the irradiance before it strikes the aperture.    We used 

beam splitters  in our work to limit the energy irradiance on the aperture 

to less than 5 j/cm2.     We looked for a plasma-limiting-transmission ef- 

fect and saw none.    With a beam splitter reflectance of about W, less 

than 1.6 x 10"3 of the energy reflected by the aperture is returned to 

the amplifiers. 

Use of the 1 mm aperture still does not insure the correct temporal 

interpretation of irradiance measurements.     We had hoped to calibrate a 

fast photodiode so that the photodiode could measure the peak power of 

the pulse that passed through the 1 mm aperture.     In attempting to es- 

tablish the responsivlty of our photodiode, we found that the spread in 

our measurements was ± 20^..     We considered this too large a spread and 

abandoned the idea of measuring irradiance or energy irradiance with a 

photodiode.     We decided it would be best to use a 1 mm aperture, beam 

splitter, and a calorimeter to measure energy irradiances.    The photodiode 
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would be used to establish the pulse length and chock for double pulsing 

or spurious signals. 

Before settling on a beam splitter-aperture-calorimeter detection 

system, we had to estimate the size aperture we would need. Our calorim- 

eters had responsivities of about 200 /av/j and we figured that a 10 p 

signal would be easily and accurately recorded.  So at least 5 x 10* J 

had to pass through the aperture. At 100 j/cm2 and with a reflectivity 

(R) of k'-'~,  this implies an area of 1.25 x 10"2 cm2 or a diameter of 1.26 

mm. We used apertures of 1.5 and 1.0 mm diameter during this work. We 

used quartz (R « 5.%) and ED-2 (R a i+.T"'0 beam splitters. 

Having fixed the minimum aperture size needed to make measurements, 

we next asked what effect the beam size will have on these measurements. 

Clearly, if the beam size is smaller than the aperture, the measurements 

will be in error. Consider a Gaussian irradiance pattern 

P(r) = po e -ir/roY (2) 

where po is in j/cm2. The energy passing through an aperture of radius 

a is given by 

E + np0ro
2 1 - e 

-(a/r0)
2 

(5) 

Tf one divides this by the aperture area, one gets an average energy 

irradiance p given by 

p = Po (tf[ 1 - e 
-(a/ro)2 CO 
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Figure II-5 shove  the error in energy irradiance (l - p/pb) as a func- 

tion of ro/a. In order to keep the error lese than 5^, r0/a  should be 

> ;'). If the aperture diameter is 1 ram, then the 1/3 (irradiance) diam- 

eter of the beam should be at least 5 ram. 

Another constraint on the beam diameter (b) is that the beam must 

be large enough to avoid whole beam self-focusing. To first order the 

self-focusing length (z) of a beam is given by7 

Z -WAn 
(5) 

where n is the refractive index (1.55) and An = nsE2 is the change in 

index caused by the intense light beam, rip for our laser glass is about 

2 x 10"13 in esu units. At an irradiance of 5 GW/cm2, An S 2 x lO-7. In 

order to insure Z > ^0 cm, the length of our last amplifier rod, we find 

that wo must have a beam diameter greater than 0.6 mm. Thus whole beam 

self-focusing should not be a problem in these experiments in which the 

beam diameter is greater than 1 mm. We note also that all our experiments 

were done with beams containing at least one hundred times the (self- 

focuslng) critical power for ED-2 laser glass.7 In the self-focusing 

sense, our experiments were both large beam and high power.  (Recent ex- 

periments by Bliss, et al, have indicated that, under conditions similar 

to ours, there may be whole-beam self-fecusing.)2 

Another effect we considered was that of slight misalignments of 

the aperture of diameter a and thickness t (Figure 11-'+).  It can be 

shown that 
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a' = a cos 6 - — sin B cos 0 
a (6) 

Approximating the area of the transmitted beam as ma' (elliptical); 

Figure II-5 gives the error in irradiance (area) due to various mis- 

alignments in degrees in one and both planes for one of our apertures 

which had t = 1.1 ram and a = 1.0 mm. Also shown is the error for an 

aperture of zero thickness. We note that it should be easy to keep the 

errors less than 5$, but that thin (tapered) apertures reduce any error 

even further. 

The fjnal amplifier rodt> used in this research all had Brewster 

angle ends. We define the output irradiance to be measured in an imagi- 

nary plane called the exit plane. This plane is perpendicular to the 

laser beam, located in air and as close to the laser rod as possible 

(Figure II-6). 

At the beginning of this study, it was widely held that self-focusing 

thresholds could be raised appreciably if a diverging beam were passed 

through the amplifiers.8 We therefore tried to design our experiments 

so a diverging beam propagated through the last amplifier. We wish to 

point out, however, that a slight divergence can have u  drastic effect 

of irradiance. F^r simplicity, we consider a top-hat irradiance pattern 

propagating with half-angle divergence a  (Figure II-7). The area of the 

beam Ag at a distance L from the plane where the beam has area A! is 

given by 

A^A^l^f (7) 
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where 1*1 is the radius of area Ai (Ai = ^Tx2). 

Let us now calculate the change in irradiance of a beam with ir- 

radiance a throu^i our final amplifier. The minimum distance betwec:. 

the negative lens on the input side of the final amplifier and the e 

plane of the amplifier is '+5 cm. Due to mechanical restraints (protru- 

sion of the amplifier base), the distance in practice was 60 cm. If we 

assume 

we have 

01 - 0.001  (1 111R) 

L = 60 cm 

rx = O.15 cm       (r2 = 0.21 cm) 

A2 = Ai  (I.96) 

Go if the exit plane is to experience 100 j/cin2, the negative lens must 

experience more than 166 j/cm2.  (With 30 cm of pumped amplifier length, 

the amplifier can add no more than 50 j/cm2 to the beam irradiance. ) It 

may well be possible to make lenses capable of withstanding 166 j/crc2, 

but most lenses available today will not withstand this high level of 

irradiance (> 5 GW/cm2).  In retrospect, we did not become aware of this 

problem as early in the study as we might have liked.  However, some of 

our experimental results, and recent theoretical work of others, indi- 

cate that divergence of the beam is not an important parameter for avoid- 

ing small-scale self-focusing.9 

Note that, because of the strong effect a  (divergence) has on the 

irradiance of small-diameter beams, it is all the more important to 
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measure the irradiance at the plane of interest. In our case, the plane 

of Interest is the exit plane of the final amplifier. We had previously 

decided that the measurements raust be made through a small aperture In 

order to be accurate. We also had previously described why this aperture 

could not bo located in the exit plane. The seemingly conflicting re- 

quirements of placing the aperture in the exit plane but not in the exit 

beam were solved by using a beam splitter and a lens to form an image of 

the exit plane on the aperture (Figure II-8). Unit magnification was 

used throughout this work. 

II-3-^- Design considerations 

In the course of this work, we were forced to alter our experimental 

program for two reasons.  One had to do with unanticipated damage to 

passive components and the other with unanticipated gain limitations. 

Because of this, we'll spend a few paragraphs considering general limi- 

tations and restraints in the design of high-power laser systems. 

II-3-2.1. Gain and energy irradiance limitations 

First we'll consider some gain limitations. We ask the question, 

besides damage, what limits are placed on the gain and/or irradiance of 

amplifier systems. Several possibilities present themselves. At some 

gain value, the amplifier system will turn into an oscillator due to 

reflections from targets, oscillator output mirrors, or other compo- 

nents.  At some gain value, the single-pass amplification of spontaneous 

emission will defeat any attempts to store energy in the amplifiers.  At 

some irradiance value, the losses of the amplifier will make further in- 

creases in energy irradiance impossible. At some gain value, the 
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inevitable backscattering of amplified spontaneous emission will turn 

the amplifier into a bulk-feedback oscillator - even without any re- 

flecting surfaces. Other practical limitations may arise from the 

backscattering of the amplifier laser pulse. 

Frankly, we initially thought of this amplifier system as a rather 

small amplifier system. It only had three 5A'' diameter laser rods. 

The total volume of pumped glass was 256 cm3, less than 5^ of the pumped 

glass volume in the large glass lasers used in fusion research.  In 

terms of small signal gain, however, our system is quite equivalent to 

the larger systems. Our small signal gain could be more than 8 x 106. 

Consider the gain necessary to turn the amplifiers into an oscil- 

lator. At one end of the system, the reflector is the output mirror 

(etalon) of the oscillator. At the other end, reflections could come 

from walls, targets, apertures, or lenses. The gain (Go) and reflect- 

ances must be such that 

Go R1R2 < 1 (8) 

v/here Rt is the reflectance of the oscillator output etalon (« 55^) and 

Ro is the reflectance at the output end of the amplifier. If we assume 

Go Ä 2 x 106, we must have 

• 

R2 < ^ x 10"11 

If the laser target were a perfectly diffusing reflecting wall, the dis- 

tance from the wall to the laser would have to be > 700 meters to insure 

R < 7 x 1Ü"11 back into the laser.    In any case, it would be difficult 
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to infiure R <  7 X 10"11. So gains of > 106 may not be feasible In un- 

isolated lasers only 300 cm long. A Faraday isolator will stop any 

oscillations and any amplified pulse reflections 1'rom damaging the os 

oillator, but it will not stop amplified spontaneous emission (ASE, 

Saturable absorbers will help on all counts but they are inefficient 

and may distort the beam. 

Next, consider the spontaneous emission emitted at one end of a 

laser system. Spontaneous emission is emitted into ^n steradians, and 

only a small fraction of this will be along the axis of the system. 

However, this portion of the energy will experience high gain. To a 

good approximation, this fraction can be given by the area of the last 

amplifier (.or equivalent limiting aperture) divided by kv  times the 

square of the length of the amplifier chain. This gives the solid angle 

(Q) of the spontaneously emitted light that gets amplified. In other 

words, it gives the fraction of the emitted light that will experience 

high gain along the axis of the laser amplifier chain. 

It seems reasonable then to expect amplified spontaneous emission 

(ASE) problems whenever the system small signal gain times Q exceeds 

one. This condition means that there is enough gain that the light 

leaving the amplifier at the output end consists mostly of ASE, rather 

than simply spontaneous emission. As an example, we'll consider our 

system of three amplifiers; all of equal size. In this case, A ~  2.85 

cm2 and L ~ 368 cm 

Q a 1.67 x 10'6 
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Tine small signal gain (Go) near the edges of our three amplifiers 

is more than 1 x 107, so 

Go = 19 > 1 

(Experimentally, we found that ASE was indeed a problem. ) We have applied 

this GQil rule to other high-gain laser systems known to not have an ASE 

problem, and found that in these cases G0L < 1. m Figure II.9, „e have 

attempted to show how increasing the aperture of the final amplifier 

makes u larger but that this increase can be reduced by using beam- 

expanding lenses. In any configuration, increasing the distance between 

amplifiers will decrease il. 

Next, we note the effect of losses in the amplifiers. Consider, as 

before, a section of amplifier of area A and length i.    Let the stored 

energy in the amplifier be W0. The stored energy density (s) then is 

W0/A£; in most glass laser systems 0.2 < S < 1.0 j/cm
2. As before, we 

let the amplifier material have a loss coefficient of y cm"1.  In most 

glass lasers, 0.001 < y < 0.OO5 cm^. For the moment, we neglect any 

surface losses. If the incident energy is E0,  the energy lost (E^ will 

be given by 

E1 « (l - e-™) (9) 

The energy added (Ej can never be more than the total stored energy 

WQ. At a certain incident energy (Ec), the energy lost will equal fhi 

maximum possible energy that could be added and further gain will be 

impossible. This will occur when 

-69- 

MfMHM HMMUMM   hüfm^a.-,.-, Ki-.., ;.- ,. .„.■■■LJr^- -^■.-^■■.■-jA.^.^^-'a.-^ .■.-.■.-- ..^.jt » JttMl 



i^i^iii tijgps^wggiii^.i.pLj^iJMiMi.i. iMweeppj^gg! ^K^mBtmmKm^fmjfti %i[iJimji^-mmy\'' ■ -s-ji'imrimmw* 'iliinii.l 1  Uli)  « lllJ,Pli^l|WPW^Pi,4ll--4i!|IULUW.^lJ- ^ mw^^UAi.WW-1 LIU! 

E1 = Ec (l - e-^) = (iox 

or in terms of energy irradiance 

^ = Pc 11   - 8 (X - e-) = aD 

Because y « 1, we can approximate 

e'7i ä 1 - yx i'or £ < 50 cm (12) 

Then we ha\ 

■yjipc = SJL (15) 

or 

Pc - s/y 

Using the range of y  and S values mentioned previously, we have 

hO < p    <  1000 j/cm2 

Even at il-0 j/cm2, the energy extraction from an amplifier should be 

nearly complete, thus it is reasonable to treat the energy added as 

equal to the total stored energy. 

Next, we consider surface losses. If each surface transmits (l-q), 

then the energy lost becomes 

E1 =S Eoy£ + Eo2q (1*0 

The expression for p becomes 
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P„   = c  7 + 2 q/z (15) 

Hext v/e calculate p for two cases, a typical small-diajiieter rod ampli- 

fier and a typical large-diameter disk amplifier. The values of the 

parameters used and the resulting p are listed in Table II-2.  One 

point is that the large disk lasers used in fusion research are not 

well suited for attempting operation at 100 j/cm2. Other points are 

that the losses must be small and the stored energy high if one is to 

achieve 100 j/cnf  operation. Note that, since we assumed complete ex- 

xraction, these p values are upper limits. As we mentioned in the in- 

troduction, operation at 100 j/cm2 probably will not maxii.dze gains, 

but other constraints such as overall efficiency or limited sperture 

sizes may r,:ake 100 j/cm2 operation desirable. 

Next, we consider the backscattering of an amplified laser pulse. 

For high-gain systems, one can approximate the backscattered signal (EQ) 

by 

E     Ml2&1L = M2£ {16) 
b        2g 2g 

where EQ is the input pulse energy, y  is the backscattering coefficient 

(in cm"1), g is the small signal gain coefficient and £ is the pumped 

length of the amplifier. All transparent materials scatter light and 

some of this light is backscattered into a narrow enough cone that it 

does not escape from the amplifier. 

In our case, we have g a 0.16 cm"1 and £ - 50 cm per amplifier, 

thus 
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Eo 

fb 
Eo 

7 h.6 x 104 

= y i.o x io13 

(one amplifier) 

(three amplifiers) 

Now the value of y is affected by the solid angle (ü) that can be ac- 

cepted.  In the case of three amplifiers, we have 0 a 1.6 x 10"6.  For 

one amplifier, fi « 3 x 10"3. 

Scattering loss coefficients in ED-2 laser glasses10 are about 1.6 

x 10'6 cm'1 CT2-.    For a first approximation, then 

y3  Ä (1.6 x 10-6)(1.6 x IO"6) = 2.56 x lO-12 cm"1  (three amplifiers) 

y! s (1.6 x 10-6)(5.1 x IO"3) ~ ^ x 10-9 cm'1 

So for three amplifiers 

(one amplifier) 

it 
Er 

2:25.6 

and for one amplifier 

rr-a 2.3 x 10'4 

^0 

Here again it appears that gains of 106 (three amplifiers) will require 

isolation, since few oscillators would benefit from a return signal 2^ 

times its output. These calculations are only first-order approxima- 

tions, but they do indicate that one should expect difficulties when 

the small signal ^ain approaches 1C\ 
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bcatxerlng from surfaces can increase the magnitude of this back- 

scatter problem. Total backward scattering (not including specular -e- 

flection) from ED-2/air interfaces is R « 10"5.11 

In this case 

For one amplifier 

Eb 

i**G°2ii) 

g^U (10-5)(104) 3^^"%4.7x 10-5 
^o 6.28 

For three amplifie   3 

(17) 

— «(io-5)(io12) 
■t/n 

12V 1.6 X 10" 

6.28 <2.5^ 

Here again, gains of 106 could, it appears, cause trouble. 

Reflections from amplifier rod surfaces must also be considered. 

The Fresnel reflection of 100 j/cm2 for ED-2/air interfaces will be more 

than k  j/cm2.  If the beam is converging and the surface is nearly normal 

to the beam, this k  j/cm2 light could be amplified and focused to a point 

inside an amplifier. Even if the beam is diverging and the surface is 

not normal to the beam, the total internal reflections from the rod bar- 

rel may form caustic foci that could cause damage. Note also that, even 

if these caustics do not directly cause damage, the refractive index 

perturbations at the caustic may cause self-focusing damage further down- 

strerm. At 100 j/cm2, it is clear one does not want backward traveling 
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reflections. Faraday IsolatorE v/ill help hut  they cannot protect an 

amplifier from its own reflections. Anti-reflection coatings would h lp 

if damage-resistant coatings can be produced. Making the final ampli 

fier exit surface a Brewster angle surface should also help - but noi 

completely eliminate the problem. Because of surface scattering and 

imperfect polarization of the beam, there will always be some reflection 

at the Brewster angle surface. Because Brewsters angle is > h^0  - this 

reflected light will not immediately be traveling in a backward direction. 

It will however be traveling backward ai'-.er five reflections (R « 6 x 

10"6) and experience total internal reflection at the rod barrel/water 

interfaces. The off axis and diffuse (rod barrels are fine ground) nature 

of this light should make it not a major problem unless a focused caustic 

causes damage. Note that the first reflection from the barrel makes a 

line focus that intercepts the Brewster angle surface. It may be wise 

to spoil the reflection of the barrel near the output end of Brewster 

angle rods. 

One way to eliminate or greatly reduce the problems created by the 

reflections from amplifier rod ends is to use a clad laser rod and cut 

the ends of the rod a few degrees from normal. The cladding material 

index matches and makes optical contact with the laser rod to eliminate 

reflections. The cladding also absorbs the laser light to prevent it 

from reentering the laser rod after reflection from the cladding/air 

interface.  The primary purpose of the cladding generally is to eliminate 

parasitic oscillations and increase pumping efficiencies. However, the 

cladding can also serve a valuable purpose by absorbing the laser light 
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i-eflec-ted from the amplifier exit face - thus preventing damage from 

caustics, as well as increasing the efficiency. Solid cladding by 

samarium-doped glass has been used, but it is difficult to maintain 

optical contact without stressing the laser rod. The author has been 

developing liquid claddings for both rods and disks.i2 With liquid: , 

no stresses can develop and the same liquid can cool the laser rod. 

McMahon13 has recently demonstrated significant increases in gain by 

using a liquid cladding on laser rods. 

Finally, we ask at what gain value the laser will become a bulk- 

feedback oscillator. The ASE starting in the middle of a rod will reach 

a certain Intensity by the time it reaches the end of the rod. Some of 

this ASE will be backscattered and amplified as it returns toward the 

center of the rod. The condition for oscillation is that, at the center 

of the rod, the returning (backscattered) ASE be more intense than the 

original ASE.  We have seen that backscattering is on the order of 10"12, 

so gains of at least 1012 will be required. This gain limit is much 

higher than the other gain limits already treated. Thus, bulk feedback 

oscillations are probably unobservable in Nd:glass lasers. 

II-J.2.2. Damage resistance of Brewster 
 angle surfaces  

It is well established that a surface at Brewsters angle (0 ) will 
B 

have a higher surface damage threshold than the same surface at normal 

incidence. This is not surprising since the same beam energy is spread 

over a larger surface area in the Brewster angle case. The increase in 

area is given by 
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l/cos 0 = l.Bk 

Since the irradiance decreases by (1.01+)"1, one might expect the dainag( 

threshold to increase by 1.8i|-. However, this may be a naive viev . 

The work of Crisp, et al,14 strongly suggests that it is the value 

of the oscillating electric field on the surface that determines dan ^e 

thresholds. Application of Fresnel's equations show that, on a Brewster 

ingle surface, the p polarized electric vector is reduced to l/n of its 

in-air value. At normal incidence, the electric vector on the exit face 

(neglecting gain) is ^n/(n+l)2 times its in-air value. The increase in 

damage threshold of Brewster surfaces over normal surfaces should then 

be given by 

. - 

krf 
(*.+!>' 

,18 for n = 1.55 (16) 

This is appreciably different from the 1.8^ factor in surface area. 

Note, however, that there are qualitative differences between the Brewster 

angle case and the normal incidence case. Only tangential electric fields 

are present in the normal incidence case. For p polarized light in the 

Brewster angle case, normal and tangential fields are present. There 

does not appear to be enough experimental evidence to establish whether 

normal and tangential fields have the same effect on surface damage. The 

author believes that it would be fruitful to conduct such experiments. 

Nonetheless, it is well established that Brewster angle surfaces 

are more damage resistant than normal surfaces.  (Our experiments made 

this painfully obvious.) We have already discussed how problems due to 
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reflections from the amplifier faces also suggest that Brewster angle 

faces be used.  So it seemed quite reasonable to make the final ampli- 

fier a Brewster angle configuration. Both final amplifiers used in 

our experiments had Brewster angle (parallel) ends. 

Recently, Bloembergen (Appl. Opt., 12, 66l [1975]) showed that 

theoretically scratches should enhance surface electric fields and thus 

lower damage thresholds by as much as l/n2. In theory, this applies 

only for scratches perpendicular to the electric vield. For scratches 

parallel to the electric field, no effect should exist. In all our ex- 

periments, linearly polarized light was used with its electric fields 

horizontal.  In order to Tiinimize any effects of scratches, all clean- 

ing of rod surfaces was done using only horizontal motions. Thus, any 

scratches caused by the cleaning process would be parallel to the elec- 

tric field and thus should not lower the damage threshold of the surface. 

In order to check the necessity of taking this extra precaution, we -pur- 

posely scratched two glass samples with straight scratches and tried to 

show that the damage threshold was lower for electric fields perpendicu- 

lar to the scratches. No such effect was found, within our experimental 

error. Admittedly, only two samples were tested, but this failure to 

demonstrate the effect of the scratches is consistent with the conclu- 

sions reached in Section I; namely, that in practice scratches do not 

appreciably lower the damage thresholds of glass surfaces. Possible 

reasons for this are given in Section I. 

II-5.20. Maintaining a smooth irradiance profile 

The importance of creating a ''clean'' beam and keeping it clean 

as it propagates through an amplifier chain was recognized long ago. 

/ 

-77- 

MMM MM>   .^v^.-»--... --^..t...^.,.1^:- 



P»W*ffW"llMWPJ|lW" mm wm, .■■* ,.**..     i mnmmmmi^^^mmf .11 i.ui|iL.iiiwnR^^wiwwiii|ii.iiiiwi"".i<pmui>i*mwiii«" <       \mtm^***'^m 

ViTiatever the damage mechanism is, hot spots in the beam will cause 

damage at lower average irradiance.-;. Practical lasers must be con- 

cerned with total efficiencies and therefore it is normally desirable 

to uniformly fill the entire clear aperture of the laser with an ir~ 

radiance that is just below the damage level. 

Historically, the first problem was how to create a beam without 

hot spots. Most techniques for creating a clean beam had the practical 

disadvantage of reducing the total energy or power in the beam. Q- 

switched oscillators restricted to the TENQO mode were generally lim- 

ited to outputs of 0.1 J or less. Without mode control, much higher 

total outputs were available, but one could never be sure that hot spots 

were eliminated.  Similarly, pinhole spatial filters could be used to 

clean up a beam outside of the oscillator, but again the total power 

or energy was reduced. Later on, there was some interest in maximizing 

the efficiency and total output of TMQO oscillators by careful cavity 

design. Sometimes a nice side effect is that such cavities are highly 

stable. That is, the spot size is relatively insensitive to changes 

in cavity parameters due to flashlamp-induced stress, temperature ef- 

fects, np effects, etc. 

There are ways of producing smooth irradiance distribution, and 

once this is done, one must concentrate on increasing the total power 

of the beam. A common attitude is that one need not worry about the 

energy that was wasted in cleaning up the beam because one can simply 

add more amplifiers to make up the energy. At a certain amplifier gain 

value, however, isolation will become necessary, so there is good reason 

to want a large oscillator output. 
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A top-hat irradiance distribution of diameter equal to the laser 

amplifier's clear aperture and height (irradiance) just below the d- - 

age threshold would maximize the extraction of energy from the laser 

amplifiers. The smooth irradiance patterns referred to earlier, how- 

ever, are bell-shaped. There are several ways to transform a bell- 

shaped irradiance pattern into a top-hat irradiance pattern.  Two pas- 

sive ways are:  (l) to simply use a small aperture to pass only the 

central peak, and (2) to pass the bell-shaped pattern through a filter 

that transmits less in the center than at the edges. Both of these 

technicues, of course, cause further reductions in total energy. A 

third way is to pass the bell-shaped pattern through an amplifier that 

has higher gain near its edges than along its axis. Almost all Nd:glass 

rod amplifiers meet this criterion. Even if the amplifier has uniform 

small signal gain, the center of a bell-shaped pattern will saturate 

sooner than the edges and barring damage, the pattern will become more 

top-hat-like as it propagates through the amplifiers. 

This point seems worth elaborating a bit.  If one can avoid damage, 

the saturation of an amplifier may smooth over any irregularities in 

the beam irradiance. We emphasize this because at 100 j/cm2 in a 50 ns 

pulse, we are well over the saturation energy irradiance for ED-2 (gen- 

erally considered to be ^ 6 j/cm2)- This is in contrast to the 0.1 ns 

Nd:glass lasers which must operate at < 1 j/cm2 to avoid self-focusing 

damage. 

Unfortunately, the abrupt truncation of the top-hat distribution 

leads to undesirable diffraction effects. The apertures used to truncate 
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the beam create diffraction patterns downstream that make the irradi- 

ance not uniform. The depth of modulation in these diffraction !ngs 

can be reduced by making the truncation less severe, that is, by re 

turning to a bell-shaped irradiance pattern.  In many practical Laoej 

systems then there is a trade-off between the top-hat distribution which 

maximizes energy extraction and a bell-shaped distribution that mini- 

mizes diffraction rings. If damage and output radiance are of no con- 

cern^ the top-hat distribution would seem to be the best choice. How- 

ever, the largest interest in Ndrglass lasers is in the subnanosecond 

region where self-focusing-type damage is a problem and diffraction 

rings should be avoided. 

If one asks the question, what spatial irradiance distribution 

propagates to its far field such that no diffraction rings form, the 

answer Is, a Gaussian irradiance distribution. Unfortunately, any dis- 

tribution available to us in the lab can at best be a truncated Gaussian. 

Several references have considered the diffraction rings formed by vary- 

ing degrees of truncation.15 As a rule of thumb, diffraction effects 

are minimal if the aperture is at least four times the l/e (intensity) 

size of the Gaussian beam. 

So, it appears that no ideal solution to the diffraction problem 

exists. We must then ask, what's the best practical solution? This 

problem is similar to the apodization problem in image-forming optics. 

We would like, however, to point out two important differences. These 

differences should make one think twice before one simply borrows re- 

sults known from apodization theory. The first difference is that the 
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aLiplifier chain has tT,ain, and this gain is not uniform across the ampli- 

fier aperture. Even if a uniformly pumped amplifier is used, saturation 

of the gain will alter the final intensity distribution, in both ampli- 

tude and phase. The second difference is that in image-forming apr 

zation one is concerned with reducing or eliminating the diffraction 

rings with the additional constraint that the central lobe not be sig- 

nificantly broadened. This apparently means that only real (uniphase) 

transmission filters are of use in image-forming apodization.16 Phase 

plate filters have one valuable feature in that their transmission is 

100:'. It might be worthwhile to study theoretically phase plate apodi- 

zation for high-power laser beam propagation. Such a study was consid- 

ered beyond the scope of this contract. 

Nonetheless, it seems reasonable to borrow several conclusions from 

the apodization literature. One such conclusion is that any transmission 

distribution, T(r), that smoothly drops off towards the edge of the (cir- 

cular) aperture reduces the relative intensity of the diffraction rings 

in the far field. Further conclusions seem to be that the more derivi- 

tives of T(r) that go to zero at the edge, the better. One method of 

making ''clean" beams involves making the intensity go to zero in a 

ring of some diameter and then placing another aperture of this diameter 

at that spot. The most common of these techniques is to use an Airy 

disk spatial filter (Figure II-10). In this device, the first positive 

lens serves as a focusing lens and limiting aperture that forms at its 

focus an Airy disk pattern.  Strictly speaking, this is true only if it 

is illuminated with a uniform plane wave.  In practice, the pattern at 
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tlie focus Is vciif similar to an Airy disk. More than Bex' of the total 

energy is contained in the central lobe, making this device highly ef- 

ficient. A (pinhole) aperture just big enough to pass only the central 

lobe is then placed at the focus. At this plane then there is r\i  in 

tensity distribution which drops smoothly to zero at the edges of the 

pinhole aperture. Another positive lens then recollimates (or focuses) 

this light. Recall, however, that even in theory, the far field dif- 

fraction pattern of the light is not fringeless. Note also that lenses 

can be eliminated by placing the second aperture in the far field of 

the first aperture. 

During the course of this contract, there was a great deal of in- 

terest in the laser community in designing and producing apodizers or 

soft apertures for use in high-power laser systems, especially Nd;glass 

lasers. Again, the goal is to achieve a high total transmission while 

still eliminating diffraction rings downstream. As a result of this 

work at Livermore, Los Alamos, the University of  ehester and else- 

where, some mori specific criteria have evolved. In order to maximize 

the total transmission, the transmission of the apodizer should be 1.0 from 

its center out to perhaps jA 0^  ^S
 
clear aperture. From there, its 

transmission should decrease smoothly to <. 10"4 at the edges. Computer 

calculations have indicated that such an apodizer should work very well. 

Appendix B is a copy of a letter we prepared on the subject of such 

apodizers. Many types of apodizers have been considered and late in 

this work we thought of what may be a new type of apodizer suitable for 

use with high-power lasersj we call it the total internal reflection (TIR) 

apodizer (see Appendix B). 
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Early in this work, we considered many ways of creating and keep- 

ing a clean beam.  In the next several pages, we will briefly discus;, 

a few of what we think are new contributions arising from this work. 

To start, we mention an obvious fact, but one that is seldom put 

to advantage. A spatially incoherent beam does not create diffraction 

patterns. Thus, one way to avoid diffraction rings is to use a spatially 

incoherent beam.  We will say more about this later. 

We also considered trying to use two or more complimentary dif- 

fraction patterns such that the peaks of one fell on the valleys of the 

other - resulting in a more uniform irradiance.  We considered splitting 

the beam in two, exposing each beam to a different aperture, and then 

recorabining the two beams (the tv/o diffraction patterns). We considered 

designing stepped semitransparent apertures so the resultant diffraction 

patterns would be complimentary. None of the above approaches seemed 

attractive enough to continue investigating.  The complimentary diffrac- 

tion patterns only seemed to help for a narrow range of dj stances from 

the aperture(s) and seemed to offer no advantage over continuous (smooth) 

apodizers. 

Nonplanar (concave) dye cells can also be used to apodize a beam. 

In unrelated work, the author has developed a class of liquids that 

strongly absorb (absorotion coefficients up to 10 cm"1) 1.06 jjm light 

and index match typical glasses.12 Figure 11-11 shows one design con- 

sidered during this v/ork. Figure 11-12 shows the transmission as a 

function of distance from the optic axis for two values of absorption 

coefficients.  Without going to highly aspheric surfaces, it is difficult 
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to achieve both a high average transndcsion and complete attenuation 

at the edgec. No such apodizer waa used in our experiments. 

Another method we consiciered for eliminating diffraction r  ,L  "• 

to use a limiting aperture of irregular (random j shape. The idea ,, 

tnat the diffraction jiattern from such an aperture would be blurrc ■' ct 

so that no steer intensity gradients would result. We made several ir- 

regularly sr iped apertures (Figure 11-13) by hand and used a He-Ne laser 

to produce diffraction pftttc* |C which were observed visually. Our con- 

clusion was that, while the diffraction pattern was more irregular, it 

still contained steep intensity gradients. 

iiistorieally, the first self-focusing to be considered was the 

wnole-beam collapse type. More recently, small-scale or inscability 

mode .ielf-x'ücusing has been recognized and studied. This i volution is 

quite undi-'i-.tandable sj.uce early lasers had modest total QfUtputfti ir- 

rarijancei; necessary for nonlinear effects like self-focusing required 

::.mall beam diameters, AS total outputs increased, the same irradiance 

could K'-. produced in larger beams making it easier to observe the small- 

scale an^cl hair) type of self-focusing in damage. The instability 

theory warns that small-scale (< 1 mm) perturbations of the irradiance 

jatterns .v 11 grow rapidly and quicRly lead to damage. Even without 

intentional perturbations, a beam propagating through any material 

will develop its own perturbations due to the inevitable random dis- 

ordering or. a local scale. Nonetheless, it seems entirely reasonable 
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t) avoid perturbing the beam whenever possible. Thus, we careruily 

selected our laser rods to be as free as .possible of any scatteriu.' 

centers (see [-,.   101). 

/nother possibility for keeping a clean beam is to eliminat ■ 1, 

nonlinear refractive index of the Ildiglass. The possibility of aci.e-- 

ing such a tjlasj is in doubt. A zero or negative n^ has not been demon- 

strated. Defocusing has been demonstrated but only a+ near resonance 

where saturated anomalous dispersion can lead to time-integrated inten- 

sity dependent self-defocusing. Guch a technique might find use even 

if a laser ^lass with positive n-. is inevitable.  By placing a self- 

defocusing material between stages of self-focusing materials, the de- 

leterious effects of self-focusing might be reduced.  No such material 

was available to us so this technique could not be pursued. 

".nother possibility for cleaning up a beam would be a pseudo- 

saturable absorber. Tiiis device would offer low transmission to hot 

spots and high transirdssion to weaker irradiances (the opposite of a 

saturable absorber). Possibly a two-step absorption process with the 

iniddle level lifetime longer than the pulre width would result in a 

pseudosaturabl' absorber.  Here again no suitable material was Known 

to us and at 15 or JO it was not clear that we vould need such a de- 

vice. 
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Another technique we considered we called lensless spatial filter- 

ing. This technique relies on the Fresncl diffraction pattern of a 

lensleas aperture rather than the Fraunhoffer diffraction of a lens. 

As in the Airy disk spatial filter, the first element makes a diffrac- 

tion pattern with a dark (zero irradiance) ring of diameter F, the sec- 

ond element is an aperture with diameter F.  In both types of spatial 

filters, the irradiance in the plane of the second element (aperture) 

is bell-shaped with zero irradiance at the edges. As already mentioned, 

this irradiance distribution (if Uniphase) will propagate with reduced 

diffraction ring effects. 

Figure II-l'i- shows tie distances needed to estimate the Fresnel 

dlffi action effects used in lensless spatial filtering. Given any a 

and b a may be negative for converging incident light), the plane of 

the aperture will contain a certain number of Fresnel zones. The radius 

Of these zones is given by 

V.) (19) 

In the plane of b, the Irradiance can be estimated at any point 

(on or off axis) by placing the center of the aperture over the Fresnel 

zone i-attern referred to above. Each Fresnel zone carries an equal 

amount of energy (given uniform incident irradiance) and is out of 

phase with its neighboring zones. So if the imaging aperture passes 

an odd number of zones, the spot at the center of the aperture will be 

bright; if the imaging aperture passes an even number of zones or equal 

areas of two adjacent zones, the spot will be dark. 
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If v/c want to pick b and/or s in order to insure a dark rinr, in 

the plane of B, v/e inust have 

S5   -   Si   =   G 
/ 

Aab 
a+b (20) 

If the incident irradiance is bell-shaped, s must be smaller.    In the 

limit of zero irradiance at the edges of s, the conditions become 

S=2 
Aab 
ä+F (21) 

This corresponds to an imaginary aperture that, when placed a distance 

Si + S2/2 off axis, passes only a portion of the second Fresnel zone. 

Any aperture smaller in radius than l/2 >J Xab/a+b should produce a dark 

ring with radius approximately equal to Sj.. 

Let us assume 

X - 1.06 x 10"4 cm 

a -• 00 

beam size < 2 mm (typical oscillator output) and solve 

for b, we find 

1 Aab 
a+b (22) 

or 

T j jb < s2 - Si < y^b 

or 

5.77 meters < b < 15.I meter 
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With a table length of about h meters, the use of a lensless spatial 

filter appeared rnareinal in our case.    Nonetheless, we pursued its 

proT^ertiei: a bit more because we feel that there may be cases where its 

use would be v/arranted. 

The advantages of a lensless spatial filter are:     (1) no lenses 

are required,   (2) because there is no focusing, the chances of damage 

to aperturer. or air sparking are low, and (3) the overall transmission 

can be high.    The disadvantages are:     (l)  in many cases, it requires 

large separations of apertures, and (2) it is probably less successful 

at cleaning up a bad beam than a pinhole spatial filter - it requires 

a reasonably good beam to start with. 

We note that,  for an aperture of radius s, the far field is gen- 

erally given by 

ar «i (25) 

or 

b :*> 
ns' 

In the cast discussed above, TTS
2
/X is 11.8 meters, so the b necessary 

to insure a dark ring is not equivalent to going to the far ff.eld of 

the aperture. We hasten to point out that the Fresnel zone approxima- 

tion is only an approximation. Our experimentc with He-Ne lasers indi- 

cate that the Fresnel-zone approach gives good qualitative agreement 

(number of dark rings, etc.) but that more detailed calculations must 

be used to get good quantitative agreement. For example, our simple 

approach docs not allow for the general spreading of the light as it 

propagates. 

-86- 

mm MM HIM—M—IM . 



f^^P^WliMWWW"! I«i« i   ■ i       i i 'm l umimntim~mr~~^imP" iiiiiawqiipi.ipi 

One can shorten the distance between the two apertures by using a 

converging beam. For example, if a = -l.l6, we have 

0.5^ meters < b < 1.57 meters 

a much more workable distance. However, now one must use two lenses to 

I'ocus and recollimate the beam and the possibility of air sparking ex- 

ists. One would, however, keep the advantage of minimizing the chance 

of damage to either aperture. Figure 11-15 shows an irradiation (dif- 

fraction) pattern produced by lensless spatial filtering of a collimated 

He-Ne beam. In this case, a = », b = 847 cm, s a 1.0 mm, and 62 - Sj. a 

O.96 mm. 

In conclusion, we felt that lensless spatial filtering was a tech- 

nique with some merit, but that it was not suitable for our experiments. 

V/henever a lens is used as an optical element in a high-power laser 

system, one must be careful that focused reflections from the lens sur- 

faces do not cause optical damage or otherwise perturb the beam. This 

seems rather obvious, but we believe we have discovered at least one 

case where these precautions are not generally taken. 

Perhaps the most obvious thing to avoid is reflections from a con- 

cave surface (Figure II-16). If the first surface is concave, a source 

at a distance x0 from the apex will be imaged at Xi, where 

x1  = rxr 
r - 2x0 

(2M 

so as 

r < x0 < «> 
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then r < I xi I < r« 

If the eecond surface is concave, the position of Xi will of course de- 

pend on the first surface reflection as well as the second surface re- 

flection. 

Returning for the moment to the concave first surface, we estir„ate 

the irradiance at Xj, given an incident irradiance IQ. The image at Xx 

will, of course, suffer from spherical aberration. In order to calcu- 

late an upper limit, we assume a diffraction limited focus in which 80^ 

of the total energy is contained in a circle of radius 1.2 Axx/D where D 

is the lenr or beam diameter, whichever is lesser. The irradiance at xx 

is then approximated by 

OSlogl^R  0J8IOI)4R 
(25) 

where R ic the reflectivity of the surface for X = 1.06 x 10"4 cm. 

-i> = (—TT | 1.23 x 107  all distances in cm 
o   Ul / 

(26) 

For example, consider a 4-meter xocal length negative lens of 5 cm 

diameter such as might be Uoed to add divergence to a laser beam in 

order to fill up larger succeeding amplifiers. In thi. case, r a f 

if the lens is biconvex. If the incident light is colliraated, Xx 2 2 

meterb and 

= R 2A8 x 104 
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If the Ions la uncoated, R ~ 0.0^ and 

-ii. = 1.0 x 103 

Even as an upper limit, this is a large number. If the lens is AR 

coated so R = 10'3, we have 

Xi 

lo 
24.8 

still a larre number. Note also that permanent damage at Xj. is not the 

only danger. The local high intensities at Xi can cause refractive in- 

dex perturbations that will perturb the laser pulse if the pulse is longer 

in space than 2xx.     For the case considered above, this would mean a pulM 

length of greater than 150 ns. If the coherence lingth is greater than 

2xi (AX < 2.75 x 10"3 A), an interference pattern will be formed at x^ 

This should further perturb the material (air or whatever) at Xj.. The 

current emphasis on small-scale self-focusing should make these secondary 

foci important considerations. 

One nice feature of these single reflection foci is that a slight 

tilt of the lens can often move Xj. away from damageable elements with- 

out adding troublesome aberrations to the team.  The properties of these 

foci are well known, our main purpose in detailing these properties is 

to compare them with the foci to be discussed next. 

Next we'll consider a less obvious but potent-* ..ly more trouble- 

some focus formed on the downstream side of any positive lens, regard- 

less of its shape factor. This focus is due to light twice-reflected 
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Inside a positive lens. For simplicity, we cons'der a pxano-convex 

lens (Figure IJ 17). We have shewn that 

X3 -xo(5n-lj - f(n-lj (27) 

I 

where f is the focal length of the plano-convex lens, x0 is the object 

distance, n is the refractive index of the lens, and X3 is the image 

distance. 

If the incident light is collimated 

(28) 

for n - 1.5> this becomes 

X3 91 0,14 f 

One common use for positive lenses is as the second element of a 

beam-expanding afocal telescope. In this case, XQ = f and 

X3 ■ 
f(n-l) 

2r\ (29) 

for n = l.5i this becomes 

X3 2 0.17 f 

We see then that X3 is not a strong function of XQ for practical cases. 

We have experimentally verified eq. 27 for plano-convex lenses. The 

focus and interference patterns near the focus are easily visible using 

a He-Ne laser. No theoretical work was done on more complicated lenses. 
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but oior oxperiments on plano-convex, meniscus, and biconvex lences in- 

dicate    that for x0 = öD 

0.12 < ^- < 0.15 

Before calculating the upper limit to the irradiance at thesf foci, 

w» wish to point out several important qualitative differences between 

these two reflection foci. First, one cannot move the focus out of the 

beam by tilting the lens. Second, in order to have interference effects 

at X3, the coherence length (or lengths) of the laser pulse need only be 

twice the optical thickness of the lens. If n = 1.5 and the lens is 1 cm 

thick, this correspond.', to AA s» 0.57 A. This makes it more likely that 

interference patterns will further aggravate any small-scale self-focusing 

problems. 

As before, we estimate the irradiance at X3 to be 

O.ÖIo JD^U-R)' 
1x3'  -H^)2 

- o-i^y D4Rg(i-Rr ip 
s2,     2 
A  ^3 

(30) 

if X = 1.06 x 10'4 

x- 
=   1.25 JC 10 T

 (l-R^R^4 

assuming X3 ~ 0.1k  f 

X3" 
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-^2. = 62.75 x lü7 
-Lo 

(i-R)yD 
(31) 

We'll consider two cases numerically, one lens typically used tn 

a beam expander, and one typically used to recollimate the beam.  In 

the first case, we taKe 

f = 15 cm 

D = 5 cm 

X3 in the second case we take 

f = TOO cm 

D = 10 cm 

In both cases, we consider R = 0.04, and 0.001. The results are listed 

in Table 11-5- 

These are upper limits, but they clearly show that this twice- 

reflected foci can cause problems. Note also that, if an interference 

pattern occurs at X3, the peak intensity will be four times higher than 

in the case of incoherent addition of intensities at X3. The authors do 

not know of a particular case where damage coald be attributed to this 

twice-reflected focus, but we wovild not be surprised to find such a case. 

Another technique for keeping a fringe-free or clean beam is to 

start with a clean beam and simply keep the beam small compared to any 

apertures (amplifiers) it must pass through. The price paid of course 

is that only the central portion of the amplifiers is used, resulting 

in inefficient operation. Since total energy and efficiency were not 

parameters to necessarily be optimized in our experiments, the small 

beam approach could be used. To a certain extent, it was. 

-9U. 

- -■ 



■ ■■ ■ ' "■ ' "■ 
1" ii Piw^^qai 11,1 ■ " ' ■' ■ ' 

II 

II 

In summary, our work on getting and keeping a clean beam turned 

up three new techniques or findings, lensless (Fresnel) spatial fllter- 

ing, TIR a}odizers, and the twice-reflected foci of positive lenses. 

Next wc outline the two basic experiments performed under this portion 

of the contract. 

II-3-j. Planned experiments 

Two basic types of experiments were planned. One sought a single 

longitudinal mode and single spatial mode oscillator and clean beam 

propagation through the amplifiers. The goal for the other experiment 

was no-spatial mode control but single longitudinal mode. However, we 

could onl^. do no-spatial mode control with no longitudinal mode con- 

trol. The ideas behind the no-spatial mode control experiment were 

basically that spatially incoherent beams would not make (stationary) 

diffraction rings and that the random superposition of hundreds or 

thousands of spatial modes, coupled with the saturation of the ampli- 

fiers, would result in a smooth irradiance (no hot spots). 

The idea behind the TEMQO experiment was also to use a no-hot-spot 

irradiance, but the method of achieving this was different. In this 

experiment, a TIUMQC oscillator would be used and special care would be 

taken to keep the beam clean (free of hot spots) as it propagated 

through xhe  amplifiers. The narrow bandwidth assured that there would 

be no temporal hot spots (intense subnanosecond spikes). 

A check of the commercial literature showed that no one offered a 

single longitudinal mode Q-switched Nd laser. One firm offered a nar- 

row bandwidth (< 0.01 A) Q-switched Nd:YAG oscillator. This bandwidth 
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contains at most only a few longitudinal modes - so it appeared that 

one raignt achieve single-mode operation. The energy output is only 

20 mJ which means that considerable amplification would be necessarv. 

Our choices then were to either buy the oscillator mentioned ol JVO, 

or design and buila our own oscillator for reliable high-energy sir- c- 

mode operation. Consistency and reliability are definite requirements 

in any system designed to be operated just under the damage threshold. 

We gave some thought to building a unidirectional traveling wave oscil- 

lator because we felt that such an oscillator could achieve high-energy 

single-mode operation. Damage to components would be minimized because 

steep angles of incidence could be used and standing wave anti-nodes 

would be avoided. Also the traveling wave feature should enhance energy 

extraction and single longitudinal mode operation. We decided, however, 

that designing, building, and optimizing such a device was simply too 

large an undertaking. 

Unfortunately, wo could not study only the effect of spatial mode 

differences. In order to avoid temporal hot spots (subnanosecond struc- 

ture on the 15-50 ns pulse envelope), we wanted to lose a single longi- 

tudinal mode oscillator with a bandwidth limited pulse length. The os- 

cillator used fo^ the no-spatial mode control experiments was a Nd:glass 

oscillator and had neither spatial nor longitudinal mode control. Con- 

sequently, its output contained thousands of longitudinal modes. 

In the chart below, we studied cases (A) and (D). With the equip- 

ment we have at hand, we could also study cases (B) and (C). For case 

IB), we could remove the 1.Ö mm mode selecting aperture from our YAG 
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OGcillatir and If necessary add further Trequency narrowing components. 

For case »C), we could use our original TEMo0 glass oscillator an-'l/or 

use our YAG -as.'r with the output etalon replaced by a dielectric mirror. 

In principle then we could use our NdiYAG oscillator to study all I'oi • 

mode conditions. 

Spatial 
Modes 

1 

Longitudinal 
Modes 

(A) 1 

(B) » 1 1 

O 1 » 1 

(D) » 1 » 1 

We felt that this would be a very worthwhile study in both nanosecond 

and the picosecond pulse lengths. If multimode beams experience the 

same damage thresholds and limitations as single-mode beams, consider- 

able savings .-ould result due to the higher total outputs, higher ef- 

ficiencies, and lower costs available in the multimode case. 

II-4.  Lxperiments 

We describe the clem beam (single mode) experiments first and 

begin by describing the properties of the components used in this por- 

tion of our research. 

II-4.1. Jingle-mode experiments 

11-^.1.1. Oscillator characterization 

A commercially available Pockels ce.M Q-switched Nd:YAG laser os- 

cillator uas purchased (with company money) for use in this phase of 

the contract. It is a Holobeam Mod^l No. 356. It is advertised to 

feature TEMOQ and single longitudinal mode (or very close to it) 
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operation w'th a piolce energy of 50 mJ. A temperature-controllc 1 two- 

piece air-smced etalon i£ used as the output mirror to narrow tho 

spectral content of the output. A bias-closed Pockels cell is used 

to ^-switch the laser and a 1.6 mm diameter aperture is used to limJ' 

the output to the TEMQO mode. 

« c^eat deal of time was spent on the optimization and character- 

izing of tM.s oscillator. To study its transverse mode pattern, we 

used zap marks on blacK Polaroid film, TV viewers, and shearing inter- 

ferometers. To study its longitudinal mode structure, we used fast 

(< 1 ns) detectors and a 1-meter grating spectrograph. Once optimized, 

the oscillator performed very reliably for several months except for a 

few electrical malfunctions in the cooling system controls. 

We found that only by purposely making the Pockels cell "leaky1' 

could we obtain narrow bandwidth emission. Figure 11-18 shows the 

temporal profile of the pulse as a function of Pockels cell voltage. 

The half-wave voltage was measured to be 4.9 kV. At lower voltages, 

the energy is lower but the pulse is smooth. We believe that the leaky 

Pockels ce.ll operates like a slowly opened Q-switch in helping to nar- 

row the spectral output.10 We made no direct measurements that would 

establish single longitudinal mode operation, but the temporal profiles 

were consistently smooth once the; oscillator was optimized.  In hundreds 

of shots, only a few shots were not temporally smooth and all of these 

shots showed a temporal profile that could be explained as the beating 

of two adjacent modes. By detuning the temperature of the temperature- 

controlled etalon, we could demonstrate nonsingle mode operation. We 
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covild make the output spectrum so broad that a spectrometer of w l/2 Ä 

resolution could display the difference. In this experiment, we used 

a 1-meter grating spectrograph with a ground glass in the film plane. 

The infrared sensitive TV system was then focused on the ground glass 

and displayed the spectrum. As described in earlier reports,21 one 

line of the TV scan could be displaced on an oscilloscope and photo- 

graphed. Figure 11-19 shows an obviously broad spectrum and what we 

believed tn be a single-mode spectrum. 

The output of the oscillator was nearly linearly pola. '.zed. The 

ratio of the intensity of light polarized with its E vector horizontal 

to the intensity of light polarized with its E vector vertical was 

16.6:1. Tne lack of complete polarization is probably due to bire- 

fringence in the YAG rod and the temperature-tuned etalon. 

In summary, a reliable TEMQO narrow bandwidth (probably single 

longitudinal mode) oscillator was used. Its output pulse contained 

approximately 2^ mJ in 15-20 ns. The energy repeatability was approxi- 

mately ± 15'. This oscillator was quite reliable for several months, 

but its dependability and consistency dropped toward the end of this 

work.  We nave not pursued the causes of this reduced consistency. Be- 

cause the oscillator was not isolated from the amplifiers, multiple 

longitudinal mode (spiky) outputs were more likely when the amplifiers 

were pumped intensely. 

II-4.1.2. Characterization of the amplifiers 
 and related equipment  

Three identical amplifier heads were purchased from Apollo Lasers 

Inc. Each held a 3/V • diameter rod and pumped approximately ^0 cm of 
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the rod.  Hach head had two helical flaEhlanipc and could discharge up 

to lü,620 J total. Mounts were designed and built to hold the ampli- 

fiers, oscillator, and numerous other components. These mounts were 

designed to r.eep the beam 15 cm above the table top. Filteen cr. was 

felt to be t-e minimum practical value. 3horter heights were not com- 

patible with the oscillator and amplifier construction and higher dis- 

tances would exaggerate any vibration problems. All components were 

placed n B 556 x 116 x 1.9 cm stainless-steel sheet. This sheet was 

not vibration-isolated, but did make a convenient working surface. 

Figure;. II-LO to 11-22 show various components of the systen. 

Figure II-2-3 3hows the FWHM and zero-to-peak times of the ampli- 

fier flashlamps at various voltages. Figure II^ shows the central 

small signal gain for both a Brewstor/Brewster angle rod and a '>0/U 

rod.  We believe the Brewster angle rod shows higher gain because of 

parasitic oscillations inside the rods. Figure 11-2^ shows the energy 

storage and sirall signal gain across the aperture of an amplifier jumped 

at 9 RV. The srall signal gain through the edges of all three ampli- 

fiers is twelve times as great as the small signal gain through the 

center of all three amplifiers.  We will comment later on how this 

complicates isolation and beam propagation. 

Figure II-2o shows the experimental arrangement used to determine 

the lens effect of a pumped amplifier on the laser pulse.  An etalon 

element was used as a shearing plate interferometer19 to produce fringes 

that were viewed with a TV-videotape system. Figure 11-27 shows a 

photograph of the TV display and the oscilloscope display for a typical 
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experiment.  From the fringe spacing, we calculated the efi'ectivc 

1/cal iangth of an amplifier for the laser pulse. We estimated that 

t :ie amplifier acts like a negative lens with a focal length of Ik 

n.eters. ligure ll-2t  shows how the fringe spacing changed as a func 

t on if time.  We found that a few seconds after the I'lashlamp pulse, 

tie rod behaved as a positive lens. Figure 11-29 shows the fringe 

spacing as a function of flashlamp voltage. As expected, the lens 

effect becomes more intense with increased jumping intensity. We 

felt these studies were important because we would bo deal in;: with 

weakly focused beams and a slight leasing in an amplifier night be 

significant.  In retrospect, it would have been Interesting to study 

the lens efi'eet at various positions in thu aperture of the ami lifter 

and at higher pumping voltages. 

In order to minimize any damage or small-scale self-focusing 

caused by inclusions or inhomogeneities in the rods, we tried to find 

rods free of any scattering centers or inhomogeneities. A 1L;  mw He-He 

laser ben [■-  2 no diameter) was passed along the rod axis and scanned 

manually so as to cover the entire area of the rod. The barrel of the 

rod was coated with index-matching oil s> that any scattering centers 

could be Lore easily seen through the side (barrel) of the rod. About 

six rods were examined and three were found to be scattering center-free. 

The other rods nad two to five scattering centers. One of the scattering 

center-free rods was damaged beyond repair during finishing. The other 

two scattering center-free rods were used in the first and last ampli- 

fiers of the mode-controlled clean beam) experiments. The last (high 

irradiance) amplifier had 

-101- 

•M^MMMHHM—^i Mam mum I i"i i 



■■^^^ww^wp^i n   >. lUWI ^ «niuiwumv '■ mm -'^ 

Brewster angle surfaces. The other two rods used in the mode-controlled 

experiments had 4° surfaces (V olT the normal). All rods were Owens- 

Illinois ED-?.? (? weight percent Nd) rods. All demonstrated surface;.. 

flat to \/l0 homogeneity of better than \/6. 

In summary, each amplifier head could give small signal gains oi 

more than 100 and behaved as a l4-meter negative lens. The lens effect 

remained rather constant during the peak gain of the amplifier. Neutral 

density filters would be used to reduce the gain at the amplifiers, while 

keeping tne pumping intensity constant at 9 kV. Total pumped volume was 

?56 cm3 and storage efficiency was about 1.1'''. 

The bw is expanded before it enters the first amplifier to maxi- 

mize the gain of the first amplifier. In order to achieve 100 j/cm2  in 

the third amplifier, the beam must be contracted. Me decided to do this 

by focusing the beam-expanding telescope and using one negative lens 

between the second and third amplifiers (Figure II-30). Another way 

would have been to use another afocal beam-contracting telescope between 

the second and third amplifiers. We felt that the fewer len-es the bet- 

ter due to the problems of unwanted reflections. Wo tested a few home- 

made beam expanders and found that we could keep aberrationr down to a 

few X. However, the vibrations of our table became quite apparent dur- 

ing the>« tests and this convinced us that a one-piece mounting for the 

two lenses would be necessary. Thus, we purchased a commercially avail- 

able 6:1 beam expander (General Photonics). 

It IM perhaps worth noting that one must be careful Ln applying 

simple lens design formulas to such a system. Figure II-jil illustrates 
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u;ie potential pitl'dll. The Gaussian optics formulas rrc-asurt. focal 

length from the princijal plane. In an afocal 'or nearly afocal) sys- 

tem, t>:e principal plane can be far removed from either of the lensos. 

For examp-io, if fj, = 5 cm, then a magnification (n.) of 6 means that d 

the separation of the lense..) nusl be ?*) cm.    If wo nsk for a focnl 

lenpth of ^ÜO cm, we have 

f = fcU. 
fa + fi - d 

or fa = 29.5 

But tr.e phyßical location of this focus will be £' - n.f = IbOO cm lYom 

the lens. 

Our early experimental efforts were aimed at learning how to ob- 

serve the spatial profile of the beam and alter that learning how to 

keep the beam clean and smooth as it propagates through the beam ex- 

pander, amplifiers, and negative lens. 

We U3ed zap marks and the TV videotape system to record beam pro- 

files.  We found that the TV monitoring System could detect diffraction 

rings and that we could Keep the beam relatively free of diffraction 

rings be carefully sligning the telescope and the first amplifier.  Ex- 

cept in the first an'lificjr, the beam was snaller than the limiting 

apertures and alignment was not critical. In all cases, the beam wns 

intercepted by a ground glass screen and the TV car;era was focused on 

the screen from the back side (Figure II-^). This is in contrast to 

the previous method of using the TV system in whicl the beam was inter- 

cepted by the active surface of the TV camera (no lens or screen was 

used).21 We felt that the screen system was more versatile in that 
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any size beam could be studied at any desired magnification. Figure 

11-^6 shows a photograph of a burn pattern taken after the first  ■1:- 

fler. Flgura 11-3^ shows a TV display of the beam taken after the 

third uplifier. This photograph is included to show that diffractK.H 

rings could be detected and displayed, it is not typical. 

We found that a 2.^. mm diameter aperture placed between the oscil- 

lator and the telescope prevented extraneous light in the outer regions 

of the bear. The aperture did rot seem to affect the central part of 

the beam.  .v'ith the TV system, we also could observe that the position 

of the beam waist (or the size of the beam at any particular point) was 

a function of the jumping intensity of the amplifiers. The simple lens 

formula indicated that the two amplifiers, each acting like a 14-meter 

negative lens, could shirt the focus of the beam by almost one meter. 

We also used the TV system to carefully align the first amplifier. 

This was done by placing a tissue-jiaper screen over the ends of the am- 

ilifier rod. A white light shown through the rod illuminated the clear 

aperture of the amplifier. 'When the laser ; ulse irradiated the screen, 

we could display (single frame still) the laser pulse and the rod aper- 

ture on the TV monitor. This allowed for very accurate alignment. 

We could also observe that small signal and large signal diffraction 

patterns were different and that a beam that gave fringes in one plane 

sometimes did not show fringes in a plane farther or closer tc the os- 

cillator. 

The flashlamp light created a lot of noise on the TV pictures. 

Normal shielding did not help much because the TV system is more sensi- 

tive to visible light than infrared light. A thin film band pass filter 
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did not work well because it introduced lines or fringes in the picture. 

In order to blocK the visible light and still keep the picture quality, 

we prepared a water solution of KI3"2 and placed a 5 cm cell of this 

solution between the TV and the screen (or In front of the screen). 

This solution was opaque to visible l.'ght but transmitted about 50' of 

the 1.06 »r- light. 

One of our early studies involved purposely damaging a (passive) 

rod Placed ./here the third amplifier would be.  We hoped to see a beam 

break-up jrior to catastrophic damage and to study what effect cata- 

strophic damage might have on the rest of the system. We did not see 

any predamage break-up of the benm - but only a few experiments were 

run; we studied only the ntar field, and the energy density was increased 

in large steps,  v.e did, however, discover that there was significant 

scattering of t^e laser pulse from the damage sites. The backward scat- 

tered light was amplified, focused by the positive lens of the telescope, 

and damaged tne negative lens of the telescope. A Faraday isolator would 

have prevented this damage.  In pursuing the forward scattering, we found 

that, even In the absence of damage, there was significant forward scat- 

tering. Tr r scattering caused us at one point to think that we were 

observing |ulsr broadening in the final amplifier. Wc finally determined 

that our detector was picking up forward scattered light from both the 

third and t.ie second amplifiers (Figure U-'j1?).    In later experiments, 

the detector was shielded from all amplifiers. 

We have no direct reason to believe that this forward scattered 

light could be used as a preciirsor to damage, but it would be interesting 
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tg investigate this possibility. The light seems ■v<o be more intense 

than pass 1ve scattering calculations would suggest - perhaps a plot 

of relative scattered intensity versus beam irradiance would demon- 

strate a Kink or bend at an irradiance level below the damage level. 

It is certainly true that significant scaxtering will occur for tttc 

electron densities below the free electron density necessary for dam- 

age. The growth of free electron densities (electron avalanche) is 

a very nonlinear process, but it still seems possible that, by monitor- 

ing the forward scattered light, one might be able to tell when one was 

approachin • damage threshold irradiance. It is often observed in large 

glass lasers that the beam spreads appreciably at high irradiances.23 

In the past, it has not been clear whether this spreading occurred be- 

cause of damage or before damage. A careful study of forward scatter- 

ing might reveal a precursor to damage. If so, this would be a sig- 

nificant finding whose benefits would not be restricted to Ndrglass 

lasers. 

Figure II-56 shows oscilloscope displays of a damaging pulse. Note 

the reflected pulses of high intensity. By measuring the temporal spac- 

ing of these pulses, we determined that they were indeed reflected from 

the damage sites and the oscillator. A Faraday isolator would elimi- 

nate the intense pulses and prevent them from causing fu/ther damage. 

In all our experiments, visual observations by two observers using 

a bright microscope light were used to search for damage. In only two 

cases out of twenty did the two observers not agree on whether or not 

there was damage. 
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After dajna^inß the expendable rod, we noted that the AR coatings 

on the second amplifier rod were damaged in several areas. We had l ad 

only one rod AR coated because we wanted to see how the coatings held 

up and how they affected the other properties of the rod. Intcrferu- 

grams of the rod before and after coating showed obvious differences - 

perhaps indicating that the rod became very hot during the coating 

process. Coupled with the facts that the coating damaged and the gain 

(energy storage) did not seem to improve (we had hoped that the AR 

coating would increase energy storage by reducing the parasitic oscil- 

lation problem), we decided to not AR coat any of the amplifier rods. 

Thus, because of reflections, the final amplifier exit surface would 

almost have to be a Brewster angle surface.  If a nearly normal surface 

were used, an intense pulse would be backscattered and focused inside 

the amplifier. 

II-4.1.3. Single-mode experimental results 

We replaced the second amplifier rod and the negative lens in the 

telescope and proceeded to the setup shown in Figure 11-^7. The exit 

plane was imageö on the ground glass and the area 01 the beam at the 

TVWL  points was determined from oscilloscope display of the TV picture, 

p was determined by dividing the total output energy by the area cal- 

culated above. Readings as high as 157 j/cm2 were recorded, which made 

us suspicious of our measurement technique. V.'e decided that a 1 mm 

aperture should be used at least to calibrate the TV system and perhaps 

even to replace the TV system. 

When the 1 mm aperture was placed some 62 cm beyond the exit plane, 

we registered * 45 j/cm2 (never more than 50 j/cm2). p at the exit 
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plane can mly be estimated because the divergence of the beam wa:; 

net accurately Known. In any case, this was still not a direct meas- 

urement of p at the exit plane. Our plan was to increase p by simply 

using u  stronger negative lens placed closer to the third amplifier 

Also the measurement scheme would u/je a simple positive (f = 51 cm) 

lens to focus the exit plane of the amplifier on the plane of the 1 mm 

aperture. The calorimeter would be placed directly behind the 1 mm 

aperture. In order to obtain some sort of visual display of the beam 

quality, darkened Polaroid film (pap?r) was placed over the 1 ram aper- 

ture witn a hole in it slightly greater than 1 mm in diameter to let 

the 1 mm portion (center) of the beam pass through the aperture. The 

beam patterns on the film showed whether or not the beam was centered 

on the 1 mm aperture and also indicated (approximately) the diameter 

of the beam. Roughly 0.2  j/cm2 is required to burn this film so when 

a quartz beam splitter is used, the full diameter of the burn pattern 

indicates the beam diameter at the 6.1 j/crrP  level. No TV monitoring 

was done when the above measurement scheme was in use. 

Our first round of experiments had gone so smoothly that we relaxed 

our concerns over damage to the final negative lens. No damage occurred 

in the first experiments, so we thought it would be rather straightfor- 

ward to increase p at the lens. We found, however, that every attempt 

to increase p at the lens resulted in damage, mostly surface damage to 

the lens. We tried several different types of readily available lenses 

and also tried using the hot nitric acid treatment on some of these 

lenses. This hot nitric acid treatment developed under this contract 
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^see Section l) had been very successt\il in raising the damage thresh- 

old of some glass surfaces. All our efforts were to no avail, we con- 

tinued to damage the negative lens. We ordered some custom-made funed 

quartz lenses, but the manufacturer lost these lenses and by the tine 

they were remade and shipped, time had run out. 

On two shots with the (damaged or damaging) negative lens in place, 

we did achieve more than 60 j/cm2 with no damage to anything except the 

negative lens. 

Finally we removed the negative lens and pumped only the first and 

third amplifiers. If all three amplifiers were pumped, we encountered 

air sparking in front of the third amplifier and several joules of 

amplified spontaneous emission. Using only two amps, we obtained > 70 

j/cm2 on several (»6) shots with no apparent damage. At 75 j/cm2, there 

was some doubt as to whether there was self-focusing damage or not and, 

at 9^ J/cm2 (5-9 GW/cm2), there was definitely self-focusing damage. 

Unfortunately, we could only achieve these irradiances by pumping the 

amplifiers at more than 9 KV. This meant that the divergence and size 

of the beam in the third amplifier may have changed slightly because 

we had not characterized the beam properties under these conditions. 

Thus we cannot be sure that the beam was diverging - it may have been 

focused Inside the amplifier or beyond the amplifier due to the unknown 

lensing effect of the first amplifier. So again, it may be possible to 

do better than 70 j/cm2 {k.k GW/cm2) when more preamplification is pro- 

vided. We could not achieve more preamplification because of isolation 

problems.  Figure II-38 shows oscilloscope traces and burn patterns for 
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two > 70 j/cra2 shots that did not cause damage. Figure 11-39 shows 

two damaging shots - note again the intense reflected pulses propagat- 

ing back and forth through the entire system. 

The spot size in these final clean beam experiments was estimated 

(on the basis of the burn patterns in " -xe plane of the 1 mm aperture) 

to be about ro = 1.55 nnn. So, if the beam irradiance was Gaussian, 

the actual peak irradiance given by Figure II-5 would be 74 j/cm2 in- 

stead of 70 j/cm2. 

Since we don't know how Gaussian the beam was, we'll claim only 

^ 70 j/cm2 in a 15 ns pulse {h.k Gw/cm2). In terms of irradiance 

(W/cm2), this is lk24>  of the contract goal. In terms of energy irradi- 

ance, this is 7G"/. of the ccntract goal, but in a pulse half the length 

of the contract goal (100 j/cm2 in a 50 ns pulse or jj.l Gw/cm2).  In 

Section II-5.1, we will compare these results with the prior state of 

the art. 

It is interesting to note that > 70 j/cm2 operation was achieved 

with pulses that had smooth temporal profiles and with pulses that had 

irregular substructure on the 1^ ns pulse envelope (Figure II-58). 

When the amplifiers were pumped intensely, the oscillator output was 

more likely to be temporally irregular. One should be careful in try- 

ing to draw conclusions from such limited experiments, but it does 

appear that subnanosecond spikes do not appreciably lower the damage 

threshold. 

W^.. the diagnostics used in these experiments, we cannot say whe- 

ther the self-focusing was whole-beam or small-scale in nature. Bliss2 
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has reported whole-beam self-focusing In similar rods at similar ir- 

radiances and beam diameters, but with picosecond pulse lengths. 

It lb also interesting to note that the Polaroid burn patterns in- 

dicate fringes near the periphery of the beam (Figure II-58). Recall 

that thil burn pattern periphery corresponds roughly to the 6 j/cm2 energy 

irradiance level. This may be an indication that, at higher energy irra- 

diances, the saturation of the amplifiers smooths out the irradiance pat- 

tern. Of course, it could also indicate that fringes can only be detected 

by the film when the irradiance is near the film bum threshold. 

II-4.1.4. Final examination of amplifier rods 

Upon the termination of these experiments, the three laser rods used 

in the mode-controlled experiment were reexarained for scattering centers, 

optical homogeneity (Mark-Zender interferometer and polarimeter) and flat- 

ness of surfaces. 

The first amplifier rod showed no scattering centers before or alter 

the experiments. The rod experienced approximately 1500 shots with a 

mai'.imum irradiance (exclusive of pulses reflected from damage sites) of 

approximately 60 Mw/cm2. The second amplifier rod had two scattering cen- 

ters before the experiments and four scattering centers after the experi- 

ments (the original two plus two more). No size or shape could be at- 

tributed to these scattering centers because they are so small. All we 

can say is that, under intense illumination and careful observation, they 

scatter light. The maximum irradiance through this amplifier (exclusive 

of irradiation from light reflected off damage sites) was approximately 

700 Mw/cmp.  It is possible that two scattering centers were missed dur- 

ing our first examination, but it also is possible that two scattering 

centers were below our detection thresholds before the experiments and 
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grew as a result ol the intense laser irradiation. The third amplifier 

received tracking damage in several areas. This tracking damage con- 

sisted of large damage sites several millimeters apart and sometimet;, 

but not always connected by thin filaments.  It is possible that those 

Sites connected by filaments restated from temporally smooth pulses, 

while those sites not so connected resulted from the intense spikes on 

irregular pulses.  We cannot say for sure because no detailed examina- 

tion was nadt after or during each damaging shot. 

Mark-Zender interferograms of all three rods before the experiments 

showed < Xjh  distortions. After the experiments, all three rods had de- 

veloped about a X/2  sphericity. Figure II-40 shows interferograms of 

the first amplifier rod before and after the experiments. The other 

two rods gavt; similar results. The sphericity is such that the emerg- 

ing wavefront diverges.  By testing all six surfaces for flatness, we 

have ascertained that the sphericity is not due to any changes in sur- 

face figures. The sphericity corresponds to a change in refractive in- 

dex of approximately 1 x lO"6 at the edge of the rod compared to the 

center of the rod. 

Since the passive sphericity of the rods changed with use, it would 

be interesting to again determine how the sphericity is affected by the 

pumping of the rods.  The change in .massive sphericity is small compared 

to the measured change in sphericity induced by the pumping - but the 

pump-induced sphericity may change with use also. 

Polarimeter studies of the first two amplifier rods showed a com- 

pression of about 80 mm. An accurate measurement of the stress was not 

made before the experiments. 
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In conclusion, the optical properties (sphericity) of all three 

rods charged in a similar manner. This similarity leads us to believe 

that the changes were due to the pimping and/or water cooling of the 

rods rather than any action of the laser light. There is some indi- 

cation that the action of the laser light did create or enlarge two 

isolated scattering centers in one of the laser rods. 

11-^.^. Multimode experiments 

11-^.2.1. Description of experiments 

In this portion of the contract, we tried to determine the prac- 

tical damage threshold for a laser pulse with little or no spatial or 

longitudinal mode control. The idea was that the (hopefully) random 

superposition of a great number of spatial and longitudinal modes woulo 

add up and average out to a very uniform irradiance iiattern. In the 

case of longitudinal modes, the addition of many modes does not gen- 

erall,,- result in a uniform temporal envelope. Irregular spikes are 

detected even with 1 ns response time detectors.  Faster detectors 

would, we feel certain, show irregular picosecond and even subpicosec- 

ond spikes.  Without a better understanding of the exact damage mech- 

anisms, it is difficult to say what effect a given temporal substruc- 

ture will have on damage thresholds. It would be interesting to study 

damage with a laser pulse of narrow bandwidth (ideally one longitudinal 

mode) but many spatial modes. This could be approximated by removing 

the aperture from the YAG oscillator used in this project. This same 

YAG laser could be used to study damage thresholds of single and mul- 

tiple longitudinal mode pulses, both TEMQO- This too would be inter- 

esting. 

-115- 

mmmm 



^p, mmwrn"' .1 mal iiiK^«v"^i^^^w^wii     -M IHPII ■■jnnpv^niifii^OT^MpnMnmiVi^*'—"w      ^ ^ ' HPiiw«.w«iii »■.! 

j 

In the case of spatial modes, the superposition of many modes also 

dtxis not result in a perfectly uniform irradiance. However, the rjyatiul 

incoherence of such a beam should maK,e diffraction rings less of a ;rob- 

lem. Time-integrated measurements (zap marks) indicate that a fairly 

nooth profile can be obtained by using a large a])erture oscillator. 

Also in this time region (30 ns), passage through the saturated ampli- 

fiers may smooth out certain spatial irregularities - making the output 

more uniform than the input. 

II-4.2.2.  Description of equipmert 

The laser system used in this portion of the project was the ;;aine 

one vised in previous ARPA work done here at O-I.^4 All rods were ED-2.3 

Brewster angle rods i/h'' in diameter. The pumped length of all rods 

was 20 cm and there were three amplifiers and a Pockels cell Q-switched 

oscillator (Figure II-4l). 

The oscillator v/as modified by replacing the 2 mm mode selecting 

aperture with a 7.S mm aperture. Previous experience with this oscil- 

lator had shown that the ? mm aperture was the largest aperture which 

would allow TiiWoo mode outputs. Outside of the oscillator a U.1)  mm 

aperture was used to transmit the most uniform portion of the oscillator 

output. Various lenses were used to try to get a nonconverging small 

diameter beam through the last amplifier (Figure II-4l.) 

At first, wc intended to use a Pockels cell beam chopper to reduce 

the 50 ns pulse to a 13 ns pulse so we could compare our results dir- 

ectly with the 15 ns pulses used in the YAG oscillator experiments. 

We found, however, that reflections from the sjark inside the spark-gap 

(used to trigger the Pockels cell) induced a ^ 3 ns modulation of the 
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beam chopper output. Due to saturation of the amplifiers, the final 

output }.ulse contained most of the energy in the first J ns. This wac 

unsuitable so we used the 50 ns oscillator pulse. This of course was 

the original contract goal, but did not allow for direct comparison 

with the IS ns YAG pulses. 

11-k.?.}.    Multimode experimental results 

No neutral density filters were used in the multimode experiments, 

irraiiances were controlled by the positioning of the lenses and the 

pumping intensity of the amplifiers. We did achieve output energy ir- 

radiances of 70 j/cm2 (Figure 11-^2) with no damage to the amplifiers, 

but damage to the second lens. This is hr.lf the maximum irradiance 

achieved in the single-mode narrow bandwidth experiments. 

The length of the final multimode amplifier was 5b cm vice k2  cm 

for the single-mode final amplifier. Apparently we can conclude that 

using single-mode narrow bandwidth pulse does not improve self-focusint', 

damage thresholds by more than a factor of two. Considering the greater 

energies and efficiencies available in the multimode case, a factor of 

two might favor multimode operation in many lasers. 

More intense pumping of the amplifiers did not increase the irradi- 

ance, although it did of course increase the total output energy (ui to 

20 J). With such a '•sloppy" beam, it is difficult to be precise about 

characterizing the beam. Using burn patterns in the plane of the 1 mm 

aperture, we estimate the beam radius to be n- "-. 2-5 mir.. We determined 

by two methods that the beam had a half-angle convergence of about 2 mR. 

One method used two beam splitters some 00 cm apart to compare burn pat- 

terns. The other method measured average irradiances in the exit plane 
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and 55 cm after the exit plane, where energy irradiances of up to 118 

j/cin2 were measured.  We were rather surprised to find that a converg- 

ing beam of more than 1 GW/cm2 did not seli -1'ocus, but recent self- 

focusing theory indicates that the convergence or divergence of the 

beam is not a critical parameter. 

It is significant to note that, in over a hundred experiment shots 

in this system, the final amplifier was damaged about seven times. We 

never saw surface damage on the Brewster angle exit face of the ampli- 

fier except where it was at the end of a track of internal damage. The 

normal surfaces of beam splitters and lenses were extensively dajnaged 

and caused a premature end to these experiments. One must conclude 

that, in systems of this type, surface damage is the weak link in the 

syster.. One must also conclude vhat there is indeed a terrific advan- 

tage in going to Brewster angle surfaces. 

11-^.2.^-. Advantages of multimode operation 

Although the multimode experiments were not as decisive as we would 

have liked, they did indicate that multimode nanosecond julses may jropa- 

gate through amplifiers nearly as well as TEMQO narrow bandwidth iibices. 

If the damage thresholds of materials is identical for both types of 

pulses, there is a great practical advantage to using the multimode ap- 

proach. That advantage is, of course, that more total energy ir avail- 

able in the multimode case. The laser used in our multimode experiments 

had a total output of about 15 J largely because we purposely cpertured 

the beam to minimize alignment problems. This same system with a dif- 

ferent multimode oscillator has produced 1^0 J in a 60 ns pulse when its 

full aperture was used. 
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In comparison, our clean beam cystem used 80^ more pum].ied volume 

ol' laser glass, pumped harder, and still produced only about 12 J 

total. The  simplicity and efficiency of the multimode technique are 

quite attractive. Of course, it must truly be multimode, the super- 

position of just a few modes will not result in uniform irx'adiances. 

Also the time-dependence of multimode hot spots and damage mechanisms 

should be better understood before one states that multimode damage 

thresholds are equivalent to TEMoo mode damage thresholds. 

11-^. Discussion 

II-!?.!. Comparison with prior state of the art 
■■ 

Most of the recent work on Ndrglass lasers has concentrated on 

subnanosecond (or at least less than 3 ns) pulses currently of interest 

in fusion research. In the late sixties and early seventies, there was 

a good deal of work on 50 ns Nd:glass lasers and it is interesting to 

comoare our worK with this earlier work. Table 11-k  lists the p and 

pulse len^h values reported by various labs. The last column estimates 

the peak irradiance. Direct comparison of these data with our work is 

unfair in many cases because the central p may have been higher than 

the average values used in the table. However, most of the work at 

that time was aimed at achieving top-hat irradiance distributions that 

filled the amplifier, so we still feel that the comparison has meaning. 

For instance, the peak irradiance of this work is ßO^ higher in one 

case and h2y^  higher in the other case than the earlier work done in 

our own lab. 
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In any case, we have shown that long {k2  era) rod Nd:glass ampli- 

fiers can produce output irradiances of more than k  GW/cme in a nearly 

collimated beam without damage. There is every reason to believe that 

even higher irradiances could be produced by shorter rods and/or larger 

diameter beams (greater preamplification). 

Recent work with picosecond Nd:glass rod amplifier systems has 

also established irradiances of several GW/cm2 as the threshold irradi- 

ance for self-focusing effects.2 Our findings agree with these and 

show that, in these types of systems, surface damage need not be the 

weak link in the system. Surface damage thresholds > 5 GW/cm2 (see 

Section I) have been demonstrated at normal incidence. By going to 

Brewsters angle, one can expect even higher thresholds. In the case 

of Brewster angle disk amplifiers, it is not quite so clear whether 

self-focusing effects or surface damage is the limiting effect. At 

the risk of oversimplifying, it seems that self-focusing thresholds 

are functions only of irradiance while surface damage thresholds are 

(yet unspecified) functions of irradiance and pulse length. Surface 

damage thresholds greater than 50 GW/cm2 have been reported for pico- 

second pulses.4 In picosecond systems, self-focusing is the most 

limiting factor. 

II-!;.2. Conclusions and discussion 

This research did not establish exactly what effect longitudinal 

or spatial mode control had on practical damage thresholds. Indica- 

tions were, however, that single-mode operation is not necessary to 

avoid damage in laser amplifiers for 10"8 second pulses. Using 15 ns 
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TEIloo mode pulses, we obtained > 70 j/cm2 operation with both temporally 

smooth ^single longitudinal mode) pulses and temporally irregular (many 

longitudinal modes).  We also obtained 70 j/cm2 operation using 50 ns 

pulses with no mode control (many spatial and longitudinal modes). Due 

to limited preamplification, we could not attempt energy irradiances 

higher than these (70 and 59 j/cm2) except by focusing the beam more 

sharply. This always led to self-focusing damage. The preamplification 

was limited either by the total gain available (multimode experiments) 

or by the onset of amplified spontaneous emission (single-mode experi- 

ments). Given more equipment, higher preamplification could be achieved. 

This would allow larger beam diameters which would make it easier to note 

whether the self-focusing was whole-beam or small scale. 

We f-»und that large errors resulted from estimating energy irradi- 

ances by dividing total energies by areas calculated from the FWHM of 

the beam profile.  We developed a method for accurately measuring high 

energy irradiances in any plane. We found an infrared sensitive TV/ 

videotape cystem to be very useful for studying the qualitative spatial 

and spectral characteristics of the beam in near real time. 

The iens used after the preamplifier to recollimate the beam 

through the final amplifier was the weak link in all our experiments. 

In the one case in which no such lens was used, self-focusxng occurred 

In the final amplifier - but this self-focusing damage may have been 

aggravated by the focusing of the beam into the final amplifier. We 

believe that damage-resistant lenses can be made, but we did not address 

ourselves to this problem soon enough due to the lack of such damage 

in our early experiments. 
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Our attemjrts at eliminating diffraction rings led to the inven- 

tion of the total internal reflection (TIR) apodizer. This invention 

did not occur soon enough to be used in this research, but we think 

the concept is worth pursuing. We also pointed out the problem of thu 

twice-rellected focus of any positive lens. 

The question as to the effect of normal electric fields on surface 

damage thresholds is still not settled. Once this issue is settled, 

one can consider the design of damage-resistant components, oscillators 

and systems. 

It has been demonstrated that the gain and efficiency of rod ampli- 

fiers can be increased by the use of claddings. Claddings also reduce 

the danger of damage from pulses reflected from the amplifier exit face 

and focused by reflection from the barrel of the rod. We believe that 

further improvements in the cladding of Nd:glass lasers will be demon- 

strated, and that this will aid in the development of all kinds of 

laser amplifiers by increasing our understanding of the effects of 

parasitic oscillations. 

In general, we feel that more research is warranted on Nd:glass 

lasers because Nd:glass lasers are the most studied, most versatile, 

and highest peak power lasers. As such, continued research on Nd:glass 

lasers is most likely to lead to new understandings and improvements 

that will aid other laser and optical systems, as well as further im- 

prove Nd:glass lasers. 
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II-^.j.    Siiggestions  for l\iture research 

Listed below are several areas we i'eel warrant further investiga- 

tion.     We note that none of these subjects is restricted to Nd:glas: 

lasers  - all have a wide range of applicability. 

1. Investigate whether normal and tangential surface electric fields 

have the same effects on surface damage.    This knowledge would al- 

low the more intelligent design of high damage threshold optical 

components, oscillators, and amplifiers. 

2. Investigate the effect of longitudinal and spatial mode control 

of self-focusing and surface damage for both picosecond and nano- 

second pulses.    If multimode beams can be used for damage studies, 

a significant savings would result. 

3-    Pursue the design,  development, and testing of total internal re- 

flection (TIR) apodizers.     Such high damage threshold apodizers 

may be of use in a wide variety of laser systems. 

4. Investigate the forward scattering of laser pulses by the amplifiers 

with a view to understanding its cause, measuring its magnitude, and 

possibly using it as an indicator or precursor of damage. 

5. Investigate the effects of parasitic oscillations in rod amplifiers 

and the design of rod amplifiers that will have higher efficiencies 

and be less prone to damage. 

6. Continue the search for a precursor of optical damage. 
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AMPLIFIED SPONTANEOUS EMISSION 

FIGURE    11-9 
-129- 

■ ■■■■■■■i 

MHB _^>MM iMU 



"J"1    * im* v^**m^mi^m^-f*wwm^^*m^m *^^^mi**^mmmmam^*9^*i^^m'*>«'■   ■ "^'""w'^p^wwwiw^piiw^wBPÄ        -^^npi^pi 

.. 

UJ 

3 

-150- 

_-^——_— ^1MaftaB^_tMfefaM 



■ ■w111      i^w^mr^m wmmm^^t^mmmrr^m^mmmmmmwmmummHm^mmmw miimirmmmm**~m*m  ■»•II»II imi n ■■ innii i  

-r O                 \ 

J 

<— X —l 

LJ                        > 

>- 

1 

\ g
la

ss
 

^—   ^ 

\ 
\ 
\ 

4 

\ 
\ 
\ 

v 

a: 
LU 
N 
Q 
o 
GL 
< 

LÜ 
O 

Lü 
>- 
Q 

a: 
< z 
< 

Q. 
2 
O 

LU 
cc 

-151- 

■Mü 



^»■W"»^W»»W ...,.,,..,W...I,        ,11 .,     „ mi^mK^mmm&m*^*" ."mv ^wimf 

2.5 cm 
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TRANSMISSION OF DYE CELL APODIZER 
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FIGURE   11-12 
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1.5 kv 
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2.0 kv 
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3.25 kv 

OSCILLATOR   OUTPUT AT DIFFERENT 

POCKELS    CELL  VOLTAGES (20ns/div) 

FIGURE   li-18 
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(a)   narrow band  (possibly single mode) 

(b)  broad band 

TYPICAL  SPECTROGRAPH DISPLAYS 

FIGURE    11-19 
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OVERHEAD VIEW  OF LABORATORY 

FIGURE   11-20 
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FIGURE    11-2 
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FINAL AMPLIFIER 

FIGURE -22 
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(a)   tv  screen display 

(b)   oscilloscope display 

TYPICAL SHEARING   INTERFEROGRAMS 

FIGURE     11-27 
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TV    SCREEN   DISPLAY   OF 

DIFFRACTION   RINGS 

(small  spots are due to damaged 
tv tube ) 

FIGURE    11-34 
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NTERFEROGRAMS   OF   THE 

FIRST  AMPLIFIER   ROD 

FIGURE     11-40 
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Table II-1 

Outimt of Four Amplifier 
Configurations of Equal Volume 

(Eo + ^ W0)U - s)£ e ■yyi 

(Eo +  t> W0)(l - s)6 e"5y£        = 

(Eo + 3 W0)(l  - s)5-33 Q-
yi    = 

(Eo + 3 Wo)(l - s)6-0 e^1 

106.84 j/cm2 

106.41 j/cm2 

107.77 J/cm2 

IOY.70 j/cm2 

Table II-2 

Limits of Energy Irradiance for Rods and Disks 

S 

L 

q 

y 

0 c 

y 

Rods 

1.07 J/cm3 

50 cm 

0.000^ 

0.002 cm"1 

^91.6 j/cm2 

0.005 

196.7 

Disks 

0.5 J/cm3 

5.0 cm 

0.0005 

0.002 cm"1 

128.6 j/cm2 

0.00S 

56.2 
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APPgron A 

NÜN-LIN^^R nDEX STUDIES 

This appendix is a paper subrr.itted 

for publication to the Journal of 

c.uantuin Electronics.    The final 

form will be somewhat modified. 
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AN EMPIRICAL RELATIONSHIP FOR PREDICTING 

NONLINEAR REFRACTIVE INOEX CHANGES IN OPTICAL SOLIDS 

N. L. Rolinq,+ 

Owens-Illinois Technical Center, Toledo, Ohio 43601 

Alexander J. Glass 

Lawrence Livermorc Laboratory, Llvermore, California 94550 

and 

Adelbert Owyounq 

Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

It is shown that the electronic contribution to the third order 

nonlinear susceptibility of an isotropic material can be obtained 

directly from the refractive index dispersion data for the material. 

The phenomenon of index nonlinearity is shown to be intimately re- 

lated to the optically induced quadratic Stark shift. Data obtained 

by ellipse rotation measurement on several glasses and crystals are 

seen to be in good agreement with the expression obtained. 
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In this paper we propose a simple relationship for the electronic 

contribution to the nonlinear susceptibility in transparent dielectrics, 

based on parameters obtained solely from the magnitude and dispersion of 

the refractive index n(W).    The model  employed relates the index non- 

linearity to the optically induced, quadratic Stark shift of the uv 

absorption edge of the material, and includes the local  field corrections. 

This model  gives good agreement for a variety of materials,  including 

User glasses, cubic crystals, and optical  glasses of refractive index 

from 1.4 to 1.9, using data obtained by the ellipse rotation technique. 

The third order nonlinear susceptibility is shown to be given by the 

expression 

(3) , v.1 /"M2 * -2-)  (nMlrJL)    1 (i) 

where the parameters N and u,0 are obtained from the dispersion data for 

the material, x}^ ^ the component of the third order susceptibility 

tensor relevant to ellipse rotation [1]. 

As is discussed in [1], for isotropic media,  the susceptibility 

component relevant to self focusing  is xjft ^ich is related to the 
(3) 

nonlinear refractive index by the expression n2 - 12vXu]]/n. 

In arriving at (1), we assume that the transparent dielectric is 

adequately described as a molecular solid made up of several  constituent 

types.    Each constituent exhibits a unique linear polarizability a . and 

a mean second hyperpolarizability y1  [2]-    'Jn ier the influence of a local 

mmm mm — -"• ■ - ■ ■-' 
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harmonic field of frequency u, given by E^ cos wt,  the microscopic polari- 

zation induced in the i      constituent is given by 

P1  = a1Ev cos wt + ^ Y1  (Ej cos ut)3 

(2) 

We can define at. average polarizability BT, and hyperpolarizabil i ty 
Y as 

i i 
(3) 

Y -  E YV/  E N1 

i i 
(4) 

where N1  is the concentration of the ith constituent.    Then the macroscopic 

induced dipole moment takes the form 

P = Z   NV 

i IOEJJ cos wt + jy E3(3cos wt + cos 3ut) (5) 

where N =     EN1.    Applying the local  field correction fa ctor 

we can write 

f - (n^ ♦ 2)/3 

3 

(6) 

P = fNaE cos wt + N ^- f4Ej(3cos wt + cos  3wt) (7) 
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where E cos ut Is the macroscopic field In the medium. From the customary 

definition of the nonlinear susceptibility [1], for a relation of the form 

given by (7) we would write 

and 

(3) 3 P(3w) ■ x^j-iC-Sw.w.cü.w) E (w) (8) 

where 

xjj^-co.oi)  - fNa 
4TT (9) 

and 

W  ( ) NC f4 ..- (10) 

It is well  establ-L.ied from perturbation theoretic arguments  [4],[5] 

that the hyperpolarizability y and the linear polarizabil ity Tare related 

for a polarizable electronic system by a relation of the form 

Y = g a (ID 
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U 
where q is a parameter to be decermined.    Accordingly, we write   (10) 

in the form 

■ 

Thus, the explicit dependence of the th.rd order susceptibility on the 

refractive index  is expected to    follow    (12)      for all  nominally trans- 

parent dielectrics  in which the Lorentz-Lorenz local  field corrections 

are expected to apply,  i.e.,  isotropic and cubic materials. 
< ■ 

The ratio q defined  in (11) has been defined in terms of pertur- 

bation  theoretic quantities in [4] and [5],   We choose to give a 

semiclassical derivation of this parameter, first, to represent the 

problem in terms of quantities of more immediate physical significance 

than those accessible via perturbation theory; and second, to show ex- 

plicity the connection with the optical Stark shift. We take as a model 

the classical nonlinear oscillator described by the aquation 

-?- + (J
0(x - Ax3) = s -^ cos wt. (13) 

dr   0 m 

where s is the effective oscillator strength, and >  represents the non- 

linear coupling.    The model   indicated    in    (13)    has    been used previously 

to represent the nonlinear response of ionic motion.      It is the simplest 

model which represents motion in a symmetric, non-parab)Iic potential. 

To zero order in >   the solution of (13)  is given by 

mmrnm 
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*   cos u.t + s 
0 0 

eE 

m(u)0 - a) ) 
cos ut (14) 

. 

where x is the amplitude of the free osculation, and the second term 
o 

represents the forced oscillation. The first term cannot be ignored, even 

though we assume that the free oscillations add up with random phase and 

make no contribution to the refractive index. This can be seen if we go 

to the first order in X. It is well known that the naive iteration of 

the  solution (14), in (13), will give  rise to secular terms. 

Instead, we employ the method of Linstedt [6] to eliminate secular terms. 

In this method we introduce a "stretched" time variable in the form 

t = 0(1 + Xa, + A a^ + .,.) 

The differential  equation is then written as 

(15) 

d x ?\  2 el 
|+ (1  + Aa1  + X^2 +  ...T uJCx - AxJ)   -s   St cos W0|   ^0    (16) 

de' 

Here the effective driving frequency CD is given by 

co ■ (JI)(1 + Aa-i + A a« + ...). (17) 

The zero order solution     to    (16)    is   given by 

eE — 
X   =   X     COS  oje   + s     5 5- COS  üiü' 

0 0 /   £       —£\ 
m(u)0 - oj ) 

(18) 

Thus we see that although the driven oscillation is  identical   to that 

MMMMl m -      
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obtained above, the free oscillation occurs at a frequency shifted from 
2 

the natural  resonance, u /(I   + a^ + a?A    +  ...). 

Solving     (16)    in    first order and eliminatinq secular terms, we 

determine the coefficient a,   to be 

4 2, 2 
eh2 

m  (w    - w  ) o ' 
(19) 

Thus the free oscillation of the system occurs at the Stark shifted frequency 

ui 
7 2Jc2 

1      1 x       s  e E 
4 A JTI       572 m (a)   - co ) 

o 

(20) 

while the induced dipole moment is given by 

_   _     e E cos cot  .   1 , 
P    - S p «- + r A 

m(iü2 - a)2)      4 

.3n4r:3 2 

m3i  2 m {m0 
2v3 

u ) (JL)      - 

+    cos 3uit 
2/2   rr •  (21) 

The third harmonic term is  identical  to that obtained by Armstrong, Bloembergen, 

Ducuino,    and    Pershan  [3]. The linear polarizability of the system 

is then given by 

a Se 2 

in(ü)   - u) ) 
(22) 

and,   from    (2),      the hyperpolarizabil ity is given by 

Y ■ 
6As e u) 

"ITS      2^ 
m (u)    - dl  ) o ' 

(23) 
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The parameter q, defined  in (11), is thus given by 

fUScj 

q " 
o 

m(>o 
-272 0) Ui 

6 As 

mw 
o 

(24) 

The significance of these results is clear. The effect of the applied 

field is to distort the charge distribution of the polarizable atom or 

ion so as to extend it further into the region of nonlinearity. If the 

nonlinearity is characterized by A > 0, then the effective force constant 

is reduced by the nonlinearity, lowering the resonant frequency and In- 

creasing the polarizability. On the other hand, for A < 0 the nonlinearity 

leads to a stiffer force constant, raising the resonant frequency and leading 

to a lower polarizability.   Both the Stark shift and the nonlinear sus- 

(3) 
ceptibility x   arise as a direct consequence of the nonlinearity in the 

potential. 

It remains to evaluate the nonlinear parameter A. Let us consider a 

potential well which is parabolic near the center, but which has a finite 

ionization energy, or well depth, V . Two potential furctions which satisfy 

this criterion are the quartic well 

v = "Mr- AQ r 

and the Gaussian well, 

mti). 

4V 
(25) 

V - V [1  - exp (-AGx2)],      A 2V 
(26) 

■MBaBMBM 
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These represent the simplest forms of potential well which are parabolic near 

the center and exhibit a finite well  depth.    The nonlinear parameter A ^ 0 

in each case.    We see that the relation of the nonlinear!ty parameter to the 

well  depth and  the resonant frequency is not qreatly dependent on  the model 

assumed, and exhibits the same functional  form.    For the Gaussian well we 

can write  the factor 

tx So) 

/2      TJ 
W{(y)0   -   (t)   ) 

w. 

M-j)2r 
(27) 

where the coefficient q ■ shw /2V^ for the Gaussian well  and snw /4V    for 
0 0 0 0 

the quartic well. For the Gaussian well, the Stark shift is then written 

in the form 

3 a^ (28) 

Substitution  of (27)  in  (12) in the limit as u << w , leads 

to the result 

(3) /      » xllll ("aj«(i)»tü»-<1)) 4 V   3    /V  ^ / Nft. (29) 

* 

This expression corresponds to the perturbation theoretic expressions 

obtained  in [4]  and [5]  with  the      local field corrections 

stated explicitly. We find that a value g = 3 leads to the best agreement 

with experimental data. 

The parameters N and u are obtained from fitting available refractive 

index data to the Lorentz-Lorenz equation, 

MMaMMMMta ._,___._.. 
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assuminq an oscillator strength of unity. This differs from the procedure 

followed by Wemple and DeDomonico [7] who fit refractive index data without 

considering the local lield corrections. This accounts for the discrepancy 

between results obtained here and those obtained from Wang's equation (2). 

Thi experiment:«! apparatus used to perform the ellipse rotation measure- 

ments for this work has been described in detail in previous papers [8],[9]. 

These measurements were facilitated with the use of a TEM   near-Gaussian mode 

ruby laser system. The values reported in [8] were determined to +7'". Subsequent 

measurements have been carried out to a precision of 'lO??. In Table I the results of 

these measurements have been tabulated for a number rr silicate glasses of 

widely varying comr-osition. The result which was obtained for the symmetric 

combination l/6(x11j1 + xj«! + 2x1122^ for crystallir,e YAG has als0 been 

included for comparison since it is the only crystalline material on which 

ellipse rotation data is presently available. Also in Table I are the values 

(3) 0^ Xipoi computed from (1)  using available refractive index data. For 

further comparison, computed values for CC1. and ruby are included, along 

with experimental values obtained from ellipse rotation [101 and self-focusino [111 

measurements. 

These data are presented graphically in Fig. 1. We see that, although 

(3) 
as a general trend x   increases with increasing index, no simple scaling 

law would suffice to predict the variation. With the exception of the two 

heavy flint glasses, SF-7 and LaSF-7, the agreement between theory and 

■■li^^MMUMMI 
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experiment is quite satisfactory.    It should be emphasized that a value of 

q = 3 was used in all  the calculations, and that no other free parameters 

were involved in fitting the data. 

The value of q used in the calculation is somewhat larger than expec- 

ted.    I'anq [5]pointed out that a value of 1.2 would he expected from calcu- 

lations performed on the hydrogen atom, a case which can be solved exactly. 

On the basis of the model  potentials introduced in   (25 and (26), we 

would expect a value of q less than unity, assuming the strongest uv transi- 

tion (unit oscillator strength) lies not far below the ionization level  for 

the material. 

In every case except    ruby   and LaSF-7, the computed value is 

equal  to or less than the measured value.    The measured value can contain 

contributions from "nuclear" effects [9] as well  as electronic effects, whereas 

the computed value is purely electronic. 

The greatest source of uncertainty for the computed values is the fit 

of the refractive index data to a single oscillator.    In each case, using  pub- 

lished values of refractive index [12], the quantity (4TT/3)(n2 + 2)/(n    - 1) 

2 2 2 
was fit to a linear function of the form (t^ - u )/N(e /m), using least-squares 

fitting over the frequency range corresponding to 0.3(55 um < > < 1.014 um. 

In all  cases the fit reproduced the index value to one or two parts per 

thousand over the range of the fit yielding a 1% uncertainty in the fitted 

parameters. 

As a further check on the theory, the cluster of parameters measured 

7 7     7 7. 2(31 
at a single frequency,  (n^ - iHn' + 2)V4(127r) x^n. was plovted versus 

the parametK-s obtained from refractive index data, mt   for each of the 

Mte^i 
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materials measured. The results are snown in Fig. 2. All materials wnich 

satisfy (1) are expected to fall on the 45° line on such a plot. It is 

seen that over ^  variation of a factor of four, the da^.a for several crystal- 

line arJ amorphous solids, and a liquid, all fall very near the theoretical 

line. (The data for ruby are included, for comparison, divided by a factor 

of 2 on each axis, to provide a par compact plot.) 

It is noteworthy that these stiüple considerations yield a result which 

is so broadly applicable. In glasses, we expect contributions to the index 

nonlinearity from a variety of ions, and the averaging process by which (11) 

is obtained may not be valid. For (11) to apply, either all the ions must 

make similar contributions to 5 and Yi or one species dominates entirely. 

It is unlikely that the Tatter is the case, since the indices vary so greatly 

for the glasses measured. This implies that the parameter q is essentially 

the same for all the contributing species. 

In conclusion, it is seen that (1) yields good agreement with accurate 

experimental results on the third order, electronic hyperpolarizability for 

a large class of glasses and crystals. The intimate relation between the 

optical Stark effect and the index nonlinearity has been shown, by appeal 

to a classical model. There is satisfactory agreement with perturbation 

theory results. The expression (1) provides a useful scaling relation to 

allow the accurate estimation of index nonlinearities of electronic origin 

in transparent dielectrics, assuming that refractive index data are known. 

Although there is a general trend for materials of lower index to exhibit 

lower values of x  • the details of the dispersion curve must be included 

to obtain an accurate value for the nonlinearity. 
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The authors wish to acknowledge the aid of Dr. George Dube for several 

Invaluable disessions, and of Dr. John Emmett for suggesting the Inter- 

relation between the Stark shift and the index nonlinearity. 
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n 

1015 y(3) 
IB      XT221 (esu) 

Material Measi ired Cal culated 

FK-6 1.446 1.45 i 0.15 1.15 

FS (Fused Silica) 1.456 1.28 t 0.09 1.17 

BK-7 1.517 1.96 1 0.20{a) 1.58 

LSO 1.519 1.92 ± 0.13 1.95 

Fn-4 1.567 2.39 ± 0.16 2.42 

EY-1 1.635 2.93 ± 0.21 3.40 

SF-7 1.640 8.45 i 0.85^ 6.32 

LaK-3 1.694 3.85 i 0.39 3.86 

YAG 1.829 6.62 ± 0.46 6.60 

LaSF-7 1.914 10.5 ± 1.0 14.2 

CC1. 
4 

1.460 3.2 t0.3(a' 2.fi2 

Ruby 1.75-1.76 2.1 ± 0.2 3.26 

^The values of x  taken from [9] and [10] have been reduced 

by 15% to compensate for the calibration error alluded to in [8], 

a^MMM ——M ^.^ m 
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Fig. 1.    10     XiS>2i vs '•e^active Index (n) for several transparent 

dielectrics.    For Comparison, the electronic contribution 
to the nonlinear susceptibility for 001- is Included [10]. 
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Fig. 2. Measured parameters vs fitted parameters, corresponding to 

(1). (The data for ruby have been divided by 2 on each 

axis for comparison with the other materials measured.) 
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A novel type of apodlzer using total Internal reflectirn i.s suggested 

for \ise in high-power laser systemR. 
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Recently, there has been a great deal of interest in developing 

apodizers or solt apertures for use in high-power laser amplifier sys- 

tems.1"6 The purpose of the apodizer is to reduce the deptu of modulation 

in diffraction patterns associated with the truncation or aperturing of 

the laser beam. By eliminating or reducing the diffraction rings, the 

effects of nonlinear laser light-amplifier interactions can be reduced, 

allowing the propagation of more powerful laser beams. 

A suitable apodizer should be capable of handling high-power laser 

beai;.s without being damaged. To efficiently extract energy from the laser 

amnlii'iers, the transmission of the apodizer should be near one from its 

n center to perhaps J>/k  of the full aperture. The rotationally symmetric 

transmission should then decrease smoothly to less than 10"4 at the edge 

(full aperture).2 The apodizer should not introduce any irregular phase 

changes (as stepped dielectric coatings do) because the diffraction pattern 

will be affected by both phase and amplitude (transmission) variations. 

The real requirement, of course, is that the transmission of the incident 

laser beam through the apodizer produce a spike-free diffraction pattern 

in propagating through the amplifier chain.7 

Many types of apodizers have been considered by various researchers. 

Radial variations in transmission have been demonstrated or contemplated 

in device? utilizing photographic film,1'4 nonplanar dye cells,0 pinhole 

spatial filters,0 dielectric coatings,5 metallic coatings,3 electrooptical 

effects,6»0 and ;::agnetooptical effects.6 The purpose of this letter is 

to ^u-gest another type of apodizer that seems worthy of further investi- 

gation. 

- .—.____ -_ 
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The apodizers described here utilize internal reflection to apodize 

and truncate the bean. Consider the plano-concave (negative) and plano- 

convex (positive) elements shown in Figure 1. The first elements (lenses) 

have diameter D, refractive index n, and second surface radius R. We 

consider the incident light to be collinated and parallel to the optic 

axis. Any ray in this beam can be identified by its distance froir the 

axis r and its angle from the vertical 0 (cylindrical coordinates in a 

plane perpendicular to the optic axis). If the incident licht is linearly 

polarised, ve arbitrarily consider the E vector to be horizontal (azimuth 

an^e  = ± 90°). With this convention, the linearly polarized light will 

have zero reflection only at the two points given by <P = ± 90° and r ■ 

R sin (arctan l/n). All rays with r > R/n will experience total internal 

reflection (TIR) and thus have zero transmission.  Figure 2 shows the pre- 

dicted transmission T(r) as a function of r of linearly polarized light 

through the second surface for ^ = 0 (Ts) and v = 90° (Tp). These trans- 

missions were calculated from Fresnel's equations10 and assumed a refractive 

index of 1.5.  If linearly polarized light is used, the greater than zero 

transmission is not independent of «p. We will return to this problem later. 

We notice, however, that the (average) transmission of unpolarized or 

circularly polarized light (TQV) is independent of $ (rotationally sym- 

metric) and see;ns qualitatively to be as desired for an apodizer. We have 

not calculated the diffraction patterns produced by any of these apodizers, 

but v« feel that the possible advantages of TIR apodizers warrant further 

investigation. 

■—-^     ■-■ 
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Among their advantatjes are the following. Because there is no ab- 

sorption, the TIR apodlzer should be able to handle high-power laser beams. 

Th<? attenuation at full aj^erture Is complete (T < 10'4) and no irregular 

phase changes are introduced. TIR apodizers are scalable to beams of almost 

any diameter, the only limits being imposed by the difficulty of fabricating 

very small or very large optical elements. Being passive elements, TIR 

apodizers do not require any additional power supplies and there is no 

clanger of malfunctioning due to electrical failures. TIR apodizers do not 

require linearly polarized light as electrooptical and magnetooptical de- 

vices do.  ,.'ith electrooptical and magnetooptical devices, the transmission 

is a minimum only for one particular r value and increases for r greater 

than this value, unless additional apertures on apodizers are used.  The 

transmission of TIR apodizers stays at zero for any r greater than R/n. 

Also, the T(r) function seems well suited for reducing diffraction effects 

while efficiently utilizing most of the clear aperture of the laser ampli- 

fiers. The Chiel' disadvantages of the TIR apodi^er would seem to be its 

sensitivity to (and effect on) the polarization of the incident light, and 

the severe spherical aberration of the second surface of the first element 

if used as a conventional lens. 

The TIR apodizers are also lenses and normally the beam must be recol- 

li;.iated for propagation through an amplifier chain. One way to recollir.ate 

the beiiir. would be to WJC  the TIR element as the first lens in an afocal 

telescope.  Houever, the steep angles of Lncidsnee required for TIR cause 

the TIR surface to introduce severe spherical aberration into the trans- 

mitted uavefront.  Constructing a seconö ]ens to eliminate this spherical 

aberration -rob bly will be impractical. The aberration can be reduced 

  ■  





imm—mmm^mmmtmmmmm 

1) 
u 

b-i 

Ue have not calc\-Lated the exact details oi" the asjT.xnetry in the 

trans.Mission of linearly polarized light, nor the effect of this asynnetry 

on the diffraction patterns. If the asyrx-.etry is objectionable, it could 

be reduced or eliminated in three wayr;. One way uses two similar TIR 

ftpodizen and places between them a device that rotates the plane of 

polarization by y0o.  Such a system would have a rotationally symmetric 

transnission and no effect on the state of polarization for incident light 

of any polarization.  The transr.iission would be given by TGTp and ir. prob- 

ably the uost suitable of the T(r) functions shown in Figure 2. Using one 

concave vFigure lb) and one convex (Figure la) TIR apodizer might also re- 

duce any aberrations inherent in one TIR apodizer. A second way that rulght 

reduce the asyiu'.ietry in the transmission of linearly polarized light through 

one TIR apodizer would be to apply a special dielectric coating to the sec- 

ond and/or third surfaces. This coating would be designed to have a polari- 

zation sensitive transndssion that would eliminate the polarization sensi- 

tivity of the ccrplete TIR apoaizer. A third v/ay would be to use a spe- 

cially nade photographic film (or other type of apodizer) also designed 

to result in a rotationally symmetric transmission when used with one TIR 

apodizer.  Because no portion of the film would have to be strongly (> JOjS) 

absorbing, it should be possible to maintain a high damage threshold. Ilote 

that although the transmission of circular and/or unpolarized light through 

one TIR apodizer is rotationally symmetric, the polarization of the trans- 

mitted beam is altered in a way that is no' rotationally symmetric. 

V/ith the concave TIR apodizer (Figure lb), the diameter D would nave 

to be carefully chosen so the extreme edt':e rays ^' ~ 90
0) escape without 

intersecting the TIR surface at more outward points.  I.'o such problem exists 
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v/ith the convex TIR aj-odizer. In this cace D can be any value lar^e enough 

to inoure TIB (D >c!F,/n).  If niod:st changes in the T(r) IXinction are de- 

sired, one could consider using aspheric TIR surfaces, curving the three 

other surface aupropriatciy, or using special dielectric coatings.  If 

diffraction calculations show that the truncation produced by TIR apodizers 

is still too severe, it may be advantageous to use TIR apodizers in conjunc- 

tion v/ith other apodizers so as to take advantage of the best features of 

both apodizers. 

In suraiary, we have suggested a new type of apodizer that, with further 

uevolop.ient, nay prove useful in high-power laser systems. This develop- 

ment should include the calculation of minimum aberration configurations, 

detailed calculation of the transmission and state of polarisation, and 

calculation of tbfl diffraction patterns produced by the apodizer. By ad- 

justing the curvatures, coatings, spacings, and refractive indices of the 

elenents, it should be possible to make high (fjimnge threshold TIR apodizers 

for use in hi h-pov/cr laser systems. 

The author appreciates helpful discussions \:it\i J. Ringlien of Owens- 

Illinois, Inc., and J. Forsyth of the University of Rochester, Rochester, 

New Yon;.. 
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PIGURE CAPTIONS 

Fltjure 1. TIR apodizers, (a) convex, (b) concave. The separation of 

the two elements (d) is shown greatly exaggerated. 

Figure 2. Transmission as a function of normalized radius (r/R) through 

the second surface of a TIR apodizer with refractive index 1.5. 
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